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The dispersion of multi-walled carbon nanotubes (MWCNTs) in NiAl matrix was successfully 
carried out through the combination of two steps planetary ball millings. Low energy ball milling 
(LEBM) was employed for preliminary milling of the starting powders at 150 rpm. Subsequently, 
the milled powders were transferred to the high energy ball milling (HEBM) for auxiliary milling, 
and to ensure proper dispersion. This was performed at different milling hours (1 h, 2 h and 3 h) 
to further de-bundle the MWCNTs. The milled powders were consolidated via spark plasma 
sintering (SPS) using the sintering temperature of 1000 oC, sintering pressure of 50 MPa, holding 
time of 10 min and heating rates from 50-150 oC/min. The morphology of the milled powders and 
the consolidated compacts were observed using the scanning electron microscopy (SEM) and the 
structural and phase identifications were examined through the X-ray diffractometer (XRD). 
Raman spectroscopy was used to determine the structural integrity of MWCNTs in the metal 
matrix and Transmission electron microscopy (TEM) revealed the level of damages or defects 
done to the MWCNTs. The SEM micrograph of the consolidated NiAl-1wt% MWCNTs composite 
(HEBM, 1 hour) revealed a relative dispersion of MWCNTs with a few agglomerations and this 
was corroborated by the TEM images. Furthermore, the Vickers microhardness and relative 
density of the consolidated samples was observed to decrease as the heating rate was increased 
and further increase in heating rate led to the increase in the density of the consolidated NiAl. 
Conversely, the Vickers microhardness and relative density of the consolidated NiAl-1wt% 
MWCNTs composites decreased as the heating rate was increased from 50-150 oC/min. The 
nanoindentation plot indicates that the sintered samples with higher penetration depths at the 
indentation load of 75 mN had lower nanohardness values. MWCNTs was observed to have 




surface. The crystallographic orientations of all the consolidated samples revealed no texture and 
the mean grain size of the consolidated composites were found to increase, as the heating rate was 
increased. These findings revealed that NiAl-MWCNTs may be exploited as a potential aerospace 
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     Monolithic materials appear to have proved inefficient to meet the required performance and 
economic target for diverse applications, where high stiffness and strength are desired at elevated 
temperatures (Munir et al., 2015). However, novel technological developments (e.g., gas turbine 
engines) require materials to operate at even higher temperature and harsher in-service conditions. 
Additives such as, multi-walled carbon nanotubes (MWCNTs) have been recognized as a potential 
reinforcing agent for the next generation of metal matrix composites (MMCs). This has been 
primarily driven by the high thermo-mechanical properties of MWCNTs (Bakshi et al., 2010). 
Upon the discovery of nanotubes by Sumio Iijima (1991), studies reporting on the theoretical 
properties of CNTs suggest a tensile strength of 100 GPa, Young’s modulus up to 1 TPa, low 
density (1.7-2.1 gcm-3), high aspect ratios and high thermal and electrical conductivities (Esawi et 
al., 2010; Allaedini et al., 2016; Kumar et al., 2017). The desirable properties of MWCNTs are 
attributed to the presence of strong sp2 carbon-carbon networks in their outermost shells and their 
smooth and continuous cylindrical morphology (Munir et al., 2017a). The sp2 carbon-carbon 
networks establish closed hexagonal structures (honeycomb), which serve as the source of their 
excellent thermo-mechanical characteristics (Zhu et al., 2010; Munir et al., 2015). 
 Research focusing on the effect of MWCNTs to enhance the titanium alloys, aluminum and nickel 
alloys has been reported in the literature (Reinert et al., 2015 ; Ameri et al., 2016;  Adegbenjo et 
al.,, 2017; Cavaliere et al., 2017; Okoro et al., 2019). The addition of CNTs led to an increase in 
porosity and tensile strength of Al-CNTs by 24.5% according to the studies by Cavaliere et al. 
(2017). It was also observed to increase the hardness and the fracture toughness of NiAl-CNTs 
composites by 6.4 % (Ameri et al., 2016). Past studies by Qian et al., (2000), revealed that the 




Despite these promising results, using MWCNTs as novel reinforcements in metal matrices for 
industrial applications has not been realized, primarily due to the large aspect ratios, nano-scale 
dimensions and the presence of strong Van der Waal forces which impedes the dispersion of 
MWCNTs in metal matrices (Bakshi et al., 2010; Thostenson et al., 2001).Therefore, achieving a 
homogeneous dispersion of MWCNTs in matrices, as well as preserving their structural integrity 
is still a major challenge. Previous investigations on dispersion of MWCNTs within metal 
matrices, e.g., Ti, Al and Cu have been studied (Esawi et al., 2010;  Adegbenjo et al., 2018; Munir 
et al., 2018; Xiong et al., 2019). They found out that homogeneous dispersion of MWCNTs within 
the metal matrix contributes to the significant improvement in the mechanical attributes of the 
composites, but the reinforcement of intermetallics with MWCNTs have not been sufficiently 
explored. 
     NiAl has a very high potential for expanded use in industry, especially as high temperature 
structural material, due to its high mechanical properties at elevated temperatures, excellent 
corrosion and oxidation resistance, high thermal conductivity and light weight (Grabke, 1999; Hu 
et al., 2006). These properties made NiAl a material of choice for aerospace applications (e.g., 
compressors and turbine blades) and combustion systems (e.g., piston rings and valves (Darolia, 
1991). However, the low ductility and fracture toughness of NiAl at ambient temperature have 
limited wider use of this material (Geist et al., 2015).Various approaches to overcome these 
challenges were explored through second phase strengthening, grain refinement and alloying 
(Ameri et al., 2016), but with limited success. The incorporation of boron in nickel aluminides 
was observed to increase the strength and the ductility of the composite by 40 %, after doping with 




     The improvement of mechanical properties of NiAl through the doping with MW-CNTs was 
typically achieved through powder metallurgical processes (PMs). PM entails the milling or 
mixing of powders  through the planetary ball milling, and the process development for fabricating 
fully dense composites (Obadele et al., 2017). High energy planetary ball milling (HEBM) has 
been employed to achieve the dispersion of MWCNTs in metal matrices (Jia et al., 2009; Esawi et 
al., 2010). However, for non-optimal milling conditions, MWCNTs may encounter extreme 
bending stresses leading to CNT buckling (Munir et al., 2017). Past studies by Oh et al. (2007) 
show that HEBM creates defects in MWCNTs by transforming sp2 carbon-carbon networks into 
sp3 carbon-carbon bonds. This may result into the loss of the unique characteristic, create open 
edges and vacancies in MWCNTs. Thus, promoting interfacial reactions at the matrix and carbon 
nanotube interface region (Gill & Munroe, 2012). In addition, the investigations by Liu et al., 
(2012) on CNTs /Al composite showed a gradual dispersion of MWCNTs in Al matrix through 
the use of HEBM. A homogeneous dispersion of MWCNTs was observed at the deterioration of 
the integrity of the carbon nanotubes in the metal matrix during the milling procedure for 4-12 h. 
Homogeneous dispersion was realized after ball milling for 6 h together with defects (shortenings) 
of nanotubes, and it increased with the milling time. The defects formed during ball milling are 
sites for the brittle phase formation which may be deleterious in fabricating composites with good 
mechanical properties.   
     Recently, spark plasma sintering (SPS) has been used to realize fully dense composites from 
initial powders. SPS is a pressure driven process with the use of pulsed direct current (Azarniya, 
Azarniya, et al., 2017). This process is characterized by uniform sintering, rapid heating rate, high 
energy efficiency, minimized grain growth and better activation of powder surface (Tokita, 2015). 




sintering mechanisms of SPS entail the activation of powder surface, neck formation and growing 
of neck, and plastic deformation of the powder (Zhaohui et al., 2008). The potential utilization of 
spark plasma sintered (SPSed) components are found in aerospace, automobile, biomedical and 
chemical industries. It is worth note that the effects of sintering parameters on SPSed composites 
play crucial roles in improving the microstructures and the mechanical properties of the 
consolidated materials. Some of these parameters include the sintering temperature, pressure, 
heating rate and sintering time. It was reported that the combination of the sintering temperature 
and time during SPS had positive impacts on the mechanical properties and sinterability of the 
bulk sample as compared to the compressive pressure (Khalil et al., 2011). It is also noticeable 
from the literatures that high sintering temperature and low heating rate are necessary to achieve 
good densification ( Lee et al., 2011, Devaraj et al., 2013). Thus far, the process parameters of 
MWCNTs /NiAl composites have not been sufficiently reported in the literature. Hence, this 
research work focused on the dispersion characteristics and the influence of heating rate on the 
mechanical properties and microstructures of spark plasma sintered carbon nanotubes reinforced 
nickel aluminide composites. 
1.1 RESEARCH PROBLEM 
     NiAl has been observed with the challenges of low fracture toughness and ductility at room 
temperature, and this has limited the broad use of this material (Ameri et al., 2016). MWCNTs has 
been adopted in this research to improve the properties of NiAl. Meanwhile, the dispersion of 
MWCNTs within the metal matrix has not been fully realized due to the agglomeration of 
MWCNTs, nano-scale dimensions and strong van der Waals forces present among individual 
nanotubes (Chen et al.,, 2016). This is a key processing challenge that impedes the homogeneous 




     High energy ball milling (HEBM) through powder metallurgy process has been used to de-
bundle and further achieve uniform dispersions of MWCNTs within the metal matrix because it is 
economical and effective to use (Chen et al., 2015; Liao & Tan, 2011). However, HEBM could 
damage the walls of MWCNTs during harsh ball milling, thus causing structural defects in the 
network of MWCNTs (Chen et al., 2015). This leads to loss of unique features, where a non-sp2 
disorders are produced in the C-C bonds of MWCNTs, and results to open edges and vacancies 
formation in MWCNTs (Oh et al., 2007). In addition, sp3 C-C amorphous phases could cause 
interfacial reactions during milling, thus promoting carbides formation (Huang & Terentjev, 
2012). Weak bonding between the metal matrix and MWCNTs may lead into non-uniform 
dispersion of MWCNTs (Bhat et al., 2011), and this could hinder the effectiveness of load sharing 
abilities by MWCNTs. It is significant to enhance the strengthening mechanism of the composites 
by retaining the load bearing ability of MWCNTs during processing times (Goh et al.,2005; Xing 
et al., 2005).  
1.2 AIM AND OBJECTIVES 
     The aim of this research work is to investigate the effect of heating rates on the microstructural 
evolutions and mechanical properties of dispersed multi-walled carbon nanotube reinforced nickel 
aluminide composites. The results from this investigation would be relevant for the design of ultra-
light components that are utilized in aerospace industries. The aim of this research would be 
accomplished through these objectives: 
I. Investigate the dispersion and synthesis of MWCNTs reinforced NiAl matrix composites. 
II. Evaluate the microstructural evolutions and phase identifications of the milled powders. 





IV. Evaluate the effect of MWCNTs on the wear properties of the composites. 
V. Evaluate the effect of heating rates on the grain size of the consolidated composites. 
1.3 JUSTIFICATION FOR THIS STUDY 
     The reason for selecting NiAl as a material choice is because of their promising mechanical 
properties and benefits in aerospace applications, especially over the nickel base superalloys. One 
of key potential applications of NiAl is as a high-pressure turbine blade due to its low density, 
which can lower the weight of the turbine rotor by 40 % (Bochenek & Basista, 2015). Also, it is 
important to note that the temperature distribution in the turbine blade is much even as a result of 
the high thermal conductivity of NiAl, as compared with nickel base superalloys. Other advantages 
of NiAl includes good oxidation resistance and high melting temperature which is about 300 oC 
higher than the nickel base superalloys (Darolia, 1991). However, incorporating NiAl with carbon 
nanomaterials (MWCNTs) possessing excellent thermo-mechanical properties would further 
improve the properties of the composite. For instance, the wear properties of the composite may 
be improved due to the formation of a lubricating tribolayer by the MWCNTs. The role of the 
heating rates on the microstructures and mechanical properties of the sintered composite is a key 
factor that has not been or sufficiently explored.    
1.4 SCOPE OF THE STUDY 
     This study involves the use of the existing technique in the literature to disperse MWCNTs in 
NiAl metal matrix, by using two steps ball millings. The as-received MWCNTs, Ni, Al powders 
were synthesized, and the milled powders were characterized. The consolidation of the admixed 
powders was prepared by SPS and the effect of heating rates was observed. Varying metallurgical 
interactions such as microstructural evolutions, phase identifications, mechanical properties and 




1.5 STRUCTURE OF THE STUDY 
     Chapter One highlights the introduction of this study, research problems, aim and objectives, 
justification and the scope of this study. Chapter Two presents the literature review on metal 
matrix composites, nickel aluminide, carbon nanotubes, dispersion and synthesis of carbon 
nanotubes, ball milling and the influence of ball milling, sintering parameters and their effects on 
the mechanical properties of CNT reinforced metal matrix composites. Chapter Three shows the 
materials, methods and the equipment used for this investigation. The morphology of the starting 
and the admixed powders, XRD analysis and Raman analysis of the MWCNTs and NiAl-
MWCNTs composites, dispersion characteristics of MWCNTs and NiAl-MWCNTs composites 
are discussed in Chapter Four. Chapter Five entails the SEM morphology of the consolidated 
NiAl and NiAl-MWCNTs composites with different HEBM dispersion time, fracture morphology, 
grain size analysis, inverse pole and pole figure maps. Meanwhile the densification mechanisms, 
microhardness, nanoindentation analysis, nanohardness and elastic modulus, the wear behaviour 
and the coefficient of friction of the sintered composites are discussed in Chapter Six. The 
contributions to knowledge, conclusions and recommendations from this investigation are 












2 LITERATURE REVIEW 
     This chapter illustrates the previous, present and future investigations on metal matrix 
composites, nickel aluminide, carbon nanotubes, their dispersion and synthesis, powder metallurgy 
and the role of sintering parameters.  
2.1 METAL MATRIX COMPOSITES 
      Metal matrix composites (MMCs) comprises of two or more distinct phases which are usually 
metal matrix and reinforcing phases. In MMCs, stiffness and strength are attained by reinforcing 
materials whereas strength and ductility are obtained from the matrix (Bakshi et al., 2010). MMCs 
possesses bulk characteristics that are remarkably different from their constituents (Das et al., 
1997). These properties include excellent strength to density ratio, higher stiffness, lower creep 
rate, excellent wear resistance, good fatigue resistance and lower coefficient of thermal expansion 
(Cavaliere et al., 2017). Due to these outstanding features, MMCs are applied in automobile as 
pistons and valves, also in aerospace as turbine blades, compressor, and exhaust manifold of 
aircraft. MMCs are significant in synthesizing unique materials that have the capability to perform 
at elevated temperature through appropriate combination of metals such as Mg, Al, Cu, Ti, and Ni 
with diverse reinforcing material which include TiB, TiN, CNT, SiC, etc (Nardone & Prewo, 1986; 
Rohatgi et al., 1991; Falodun et al., 2019). Several metals have been utilized as matrices, the most 
common matrices are aluminium matrix, titanium matrix, magnesium matrix and copper matrix 
and nickel matrix. Nickel based composites can operate at higher temperatures as compared with 
Titanium-base composites which are applicable at low or intermediate temperatures because of 





2.2 MATRIX  
     Matrix material is a monolithic material which exhibits desirable physical and mechanical 
properties. A matrix has a continuous character, into which the reinforcements are incorporated.  
The matrix imparts ductility and protects the reinforcement from surface damage. Example of a 
matrix includes nickel, aluminum, titanium, magnesium, ceramics and polymers. The 
reinforcement materials are stronger than the matrix materials, possess distinct properties, and are 
usually imbedded in a matrix material.  The reinforcement includes whiskers, carbon fibers, silicon 
fibers and particulates (Chawla, 2006). 
2.3 COMPOSITES 
Composite is a material that comprises of two or more physically or chemically unique phases, 
usually a matrix material and reinforcement materials. Their properties are completely different 
from their constituent, which include toughness, wear resistance, thermal conductivity, electrical 
conductivity etc. The characteristic of a good composite is determined by the matrix, reinforcement 
and the interface, shape and distribution of the constituents (Kumar & Anandaheerthan, 2008). 
2.3.1 Composites based on matrix 
• Polymer Matrix Composites (PMC):  PMCs are made up of a thermoset or thermoplastic 
(matrix) with carbon, steel and glass as the reinforcing material. 
• Ceramic Matrix Composites (CMC): CMCs are made up of ceramic as the matrix, 
embedded with fibers of other ceramic material (reinforcement). 
• Metal Matrix Composites (MMC): MMCs comprises of titanium, nickel, magnesium etc. 
as the metallic matrix and a reinforcing material like oxides, carbides or metallic phase 





2.3.2 Types of metal matrix composites  
1. Titanium matrix composite (TMC): TMCs are composed of titanium and its alloys (matrix) 
with oxides, carbides or metallic phase as reinforcing phase. Titanium and its alloys are 
widely utilized in aerospace and automotive industries due to their good properties. The 
development of the TMCs has increased the performance of titanium and its alloy 
especially in aerospace industries. TMCs based (titanium aluminides) could provide a 
potential 50% weight savings as compared to nickel based super alloys in high temperature 
compressor applications ( Singerman et al., 1996; Hayat et al., 2019) 
2. Aluminum matrix composite (AMC): AMCs are made up of aluminum and its alloys 
(matrix) with oxides, carbides or metallic phase as reinforcing material. Alumina 
reinforced AMCs have found its application next to silicon carbide and carbon reinforced 
composites in aerospace and automotive industries. It was reported that Al-Al2O3 metal 
matrix composites possesses elevated temperature strength, good electrical conductivity 
and coefficient of thermal expansion (Rajan et al., 1998) 
3. Magnesium matrix composite (MMC): MMCs are made up of magnesium and its alloy 
reinforced with oxides, metallic phase or carbides. Magnesium and its alloys are used as 
energy conversion due to their low density (two-third of Al) and high strength. They are 
widely utilized aerospace and automotive for fuel consumption and reduction of green 
house emission ( Mordike & Ebert, 2001; Habibnejad-Korayem et al., 2009). The 
application of magnesium is restricted as a result of low wear resistance and poor creep 
resistance. Moreover, the development of MMCs has resulted in enhanced properties such 
as high elastic modulus, high wear resistance and creep at high temperature. MMCs  




4. Nickel matrix composite (NMC): NMCs are composed of nickel and its alloys (matrix) 
with oxides, carbides or metallic phase as reinforcing phase. NiAl-matrix composites were 
fabricated via reactive sintering, and were reinforced with oxide, silicide and carbides. It 
was reported that the addition of reinforcement could increase the strength, hardness, and 
elastic modulus of the composites. Also, the increase in wear resistance and chemical 
compatibility may be achieved by aluminium oxide fibers (Novák et al., 2011). 
2.3.3 Metal matrix reinforcement   
Several reinforcing materials have been used to achieve better mechanical properties of a 
composite. The particle size and type of reinforcement, the stability of the reinforcement in a 
specified working temperature should be considered during the selection of materials (Dey & 
Pandey, 2015). The most widely used reinforcements are listed below: 
1. Silicon carbide (SiC): SiC particles are among the most widely recognized reinforcing 
material for aluminium matrix composites. They are known to be brittle and hard ceramic 
particles consisting of high modulus of elasticity, high strength and high electrical 
resistance. SiC is used to increases the yield strength, hardness, ultimate tensile strength 
and wear properties of magnesium and its alloys (Wong & Gupta, 2007). SiC particle 
distribution improves the properties of magnesium matrix composites through intensive 
shearing.  
2. Alumina (Al2O3): Composites reinforced with Al2O3 are extensively utilized in tribological 
applications where wear rate and coefficient of friction are necessary. The reinforcement 
of alumina produces good compressive strength, excellent wear resistance and creep 
resistance. Creep strengthening materialize as a result of the load transfer between the 




3. Titanium carbide (TiC): This particle is used in coating applications in order to enhance 
wear resistance, high temperature stability and friction properties of the composites for 
diverse engineering applications. They play a significant role on damping behaviour of 
magnesium composites (Dey & Pandey, 2015). TiC can impart high toughness; yield 
strength, elastic modulus in a composite. 
4. Boron carbide (B4C):  B4C is a refractory material for structural and electronic applications 
because of its high temperature stability and thermoelectric properties. B4C belongs to the 
family of ceramic materials that are frequently utilized in composite reinforcement. The 
particles are known for high hardness and they are applied where hardness requirement is 
of necessity.  
5. Carbon nanotube (CNT): CNTs are ideal reinforcing material because of their high aspect 
ratios and high strength. The reinforcement of CNTs improves the wettability, bonding 
strength and tensile strength of metal matrix composites. 
2.4 NICKEL ALUMINIDE METAL MATRIX 
     The early investigations of nickel aluminide (NiAl) as high temperature refractory material was 
reported by (Wachtell, 1952). In 1960s, there were more studies that focused on the processing 
and other metallurgical variables on the mechanical behaviour of NiAl (Wood et al., 1964), and  
this intermetallic compound was recognized as a promising leading-edge material for a superalloy 
turbine vane in the mid-1960s. At this period, the challenges of low fracture toughness were 
noticeable and the interest in NiAl faded away by the end of 1960s. Efforts were made to study 
the mechanical and oxidation behaviour of NiAl between 1970s till mid-1980s. Towards the end 
of 1980s, investigations on NiAl gained wide attraction in the science communities (Noebe et al., 




toughness and ductility at room temperature (Geist et al., 2015). Recent investigations have been 
initiated in improving the mechanical properties of NiAl through microstructural control, addition 
of alloying elements and processing techniques. NiAl has complex atomic arrangements with AB, 
AB2, and AB3 (i.e A represents the lattice arrangement of an atom and B represents the lattice 
arrangement of another atom) types of stoichiometry. The crystal structures of NiAl may be 
achievable as a result of their covalent bonding, relative atom sizes, and atom ratio (Figure 2.1). It 
consists of ordered BCC (body-centered cubic) structure and the phase is established below ~400 
°C at the range of ~ 45– 60 at. % of Ni. It consists of a Strukturbericht-superstructure designation 
of B2 having ordered crystal structure of simple CsCl prototype. The stoichiometry composition 
of NiAl are formed by Ni (0,0,0) and Al (1/2,1/2,1/2) in the body centered position consisting of 
α and β sub-lattices (Talaş, 2018), as shown in Figure 2.1. NiAl has a lattice constant of 2.887 Å  
(Foiles & Daw, 2011); the ratio of the valance electron density to atoms (in their stoichiometric 
compound) is 3:2, which is in agreement with Hume-Rothery (Makino, 1998). The stable β phase 
influences the properties of NiAl.  The phase diagram of Ni–Al has three peritectic and two eutectic 
sections, alongside intermetallic regions of distinct compositions (NiAl3, Ni3Al, and NiAl) as 
shown in Figure 2.2. The phase diagram of NiAl was plotted by (Robertson & Wayman, 1984) 
and the new version by (Okamoto, 2004) as shown in Figure 2.2. NiAl intermetallic is 
thermodynamically steady owing to large negative formation of heat as compared to other 
intermetallic phases. The stability of the intermetallic phases within a range of temperature 
determines the utilization of the intermetallic material. Furthermore, NiAl possesses the 
followings: high melting temperature (1639 oC), which is bigger than nickel super alloys by 299 




good corrosion,  lower ductile to brittle transition temperature, and thermal conductivity (between 
four to eight times) of nickel super alloys  (Darolia, 1991).  
 
Figure 2.1.  Crystal structure of NiAl (Talaş, 2018) 
 




     NiAl intermetallics find their applications as vane of aircraft and turbine blades because of their 
density. This compound (NiAl) was found to reduce the weight of turbine rotor by 40% (Darolia, 
1991). Similarly, it is used as heat exchangers, jet engine hardware, combustion engines  for non-
structural application (Schilke & Schenectady, 2004; Frommeyer & Rablbauer, 2008).  
The main slip system exhibited by NiAl at ambient temperature is the < 100 > (110) system (Cahn, 
1991; Field et al., 1991; Dollar et al., 1992). NiAl has three independent slip systems; it does not 
possess the five independent slip systems required for polycrystalline deformation. Studies have 
illustrated that < 001 > dislocations are dominant inside the NiAl polycrystalline. Also, some 
observations revealed that the numbers are limited and the effect of dislocation on the properties 
of NiAl is not visible (Noebe, 1994). NiAl exhibits two types of behaviour; soft and hard 
orientations. Soft orientation crystal has a non < 100 >   growth orientation and the slip systems in 
the soft orientation are < 001 > (110) and < 001 > (100). In the case of hard orientation, the result 
is independent of temperature ( Loretto & Wasilewski, 1971; Bowman et al., 1989), and the slip 
system is (011).  In addition, the stress required for deformation is considerably higher in hard 
orientation as compared with the soft orientation because the resolved shear stress advanced 
toward zero during deformation (Wasilewski et al., 1967; Bowman et al., 1989).  
2.4.1 Challenges of NiAl 
     Single crystal and polycrystalline NiAl are ductile at elevated temperature and brittle at room 
temperature. The (DBTT) ductile to brittle transition temperature ranges from 349 oC to 399 oC in 
oriented single crystals and 199 oC in oriented crystals (Darolia, 1991). The NiAl polycrystalline 
has been studied, and it depicts a (0–2%) tensile ductility at room temperature (Vedula et al., 
1988). The  impurity content, texture, content of  aluminum, and grain size (Schulson & Barker, 




is anisotropic which decreased from 8 MPa (m) 1/2 to 4 MPa (m)1/2 in orientation (Sauthoff, 1989). 
The ductility of NiAl have been improved with the addition of Boron, but sufficient improvement 
have not been recorded (George & Liu, 1990). This transforms the fracture mode from brittle to 
ductile fracture surfaces mostly in Ni3Al. Various methods have been used to enhance the fracture 
toughness and ductility of NiAl, such as fine-grain toughening, slip modification method, ductile 
phase toughening, mechanical alloying, heat treatment, and martensitic phase transformation 
toughening ( Field et al., 1991; Bochenek & Basista, 2015). Among these methods, grain 
refinement approach was used to enhance ductility by reducing the crystallite size of NiAl to 
nanometer scale, this allow the brittle material to transform into ductile material ( Liu et al., 2014). 
Nevertheless, carbon nanotubes (CNTs) can be used in enhancing the mechanical characteristics 
of NiAl. Studies by Ameri et al., (2016), reported an increase in the fracture toughness of the 
mechanical alloyed NiAl-CNTs composites by 6.4% with the addition of 0.5% CNTs.    
2.5 STRUCTURE OF CARBON NANOTUBES 
     Carbon nanotubes is a graphite sheet rolled in a tube with the caps of an hemisphere at both 
ends (Thostenson et al., 2001). CNTs is different from diamond which has a three-dimensional 
diamond cubic crystal structure, each carbon atom has four neighbours that are organized in a 
tetrahedron. Likewise, graphite has a two-dimensional sheet of carbon atoms structured 
hexagonally, with each carbon atom connected to three closest neighbours (Harris, 1999). They 
are either single-walled (SWCNT) or multi-walled (MWCNT) nanotubes. SWCNT has a wrap of 
graphite sheet whereas MWCNT has many wraps of graphite sheets (Belin & Epron, 2005). Their 
features may be ascribed to rolled graphite sheet, the diameter of nanotubes, the length and 
structure of the nanotubes. MWCNTs (diameter between 5-40 nm) are known with their 




(comparable to diamond and 100 times higher than steel (Siegel et al., 2001), excellent thermal 
and electrical characteristics. SWCNT has superior attributes as compared with MWCNT, 
although MWCNT is relatively simple in terms of preparation and economical for most 
applications. SWCNT consists of chiral angle (ɵ) and vector (Ꞇh), this indicates the level of twist 
in the nanotube. The chiral vector is presented below; 
Ꞇh = uā1 + vā2 ……………………………………………………………………….     Equation 2.1 
u and v are integers while ā1 and ā2 depicts the unit vectors in two-dimensional grapheme sheet ( 
Saito et al., 1992; Bethune et al., 1993). Due to the chiral angle and integers (u, v) of nanotubes, 
it exists as  armchair, chiral, and ziz-zag nanotubes (Poole Jr & Owens, 2003).  
• Armchair nanotube: It exists when chiral angle is at 30o. 
• Ziz-zag nanotube: This exists when the chiral angle (ɵ) is at zero degree. 
• Chiral nanotube: It influences the number of twist in a tube (Terrones, 2003). 
 
 







Figure 2.4. Structures of single-walled  and multi-walled nanotubes (K. S. Munir & Wen, 2016) 
2.6 FEATURES OF CARBON NANOTUBES 
     CNTs is used in enhancing metal matrices due to their outstanding characteristics like, electrical 
properties, high thermal conductivity, good mechanical properties, and excellent wear properties. 
CNTs possesses a high thermal conductivity (Shi et al., 2007), and a very low thermal expansion 
coefficient. Deng et al. (2008) reported a 12% decrease in the thermal expansion coefficient of 
CNTs-Al composite which was attributed to the substantial surface area of the nanotubes. Also, 
the thermal expansion of Ni-CNTs composite showed an increment. Owing to the good bonding 
within the CNTs and the matrix, a 200% increment in thermal conductivity was achieved using 
the electro-deposition technique. Shi et al. (2007) investigated the reinforcement of 4 wt% CNTs 
with W-Cu composite, in which the thermal conductivity increased by 27.8%. However, good 
interfacial bonding between matrices and CNTs can be used in enhancing better thermal properties.   
The reinforcement of CNTs with metallic matrices have enormously improved the electrical 
properties of the composites. Yang et al. (2008) observed that the electrical resistivity of SWCNTs 
reinforced Cu composites are similar with copper. Similarly, a 66% increment in electrical 
resistivity was observed for the fabricated Al-12.5% Vol. CNTs composites (Xu et al., 1999).  




An increment was observed in the electrical property of CNTs (beyond 10 Vol%) owing to the 
increment in strain and interfacial area of the metallic matrix due to CNTs agglomeration.  
The wear properties of the composite coatings (Ni-CNT) were studied using electro-deposition 
method, the coefficient of friction (COF) decreased and wear resistance increased due to the 
lubricating nature of CNTs which resulted in easy sliding of their walls ( Chen et al., 2001; Chen 
et al., 2003). Chen et al. (2003) worked on the powder metallurgy of Cu-CNT composite by using 
a nickel coated CNT and they attained a great enhancement in the wear properties of the composite. 
Studies depicts a 140% decrease in wear rate and a 91% decrease in COF because of the CNT 
contents (16 Vol%).  The wear properties of Al- 20% Vol. CNTs composite was studied, indicating 
a  22% decrease in COF and 25% reduction in the wear rate (Zhou et al., 2007).  
     CNT shows exceptional mechanical attributes because of the C-C bond present in them 
(Salvetat et al., 1999). They have good tensile strength and Young’s modulus more than the 
diamond due to the σ bonding that occurred in the carbon atoms (Meyyappan, 2005). The modulus 
of elasticity of carbon nanotubes rely on their diameter. Thus, SWCNTs possesses a high modulus 
of elasticity of 100 000 000 Pa owing to their diameter that extends from 1 to 2 nm (Dresselhaus 
et al., 1995; Salvetat et al., 1999; Meyyappan, 2005). Delaney et al. (1998) reported that the 
Young’s modulus of CNTs decreases from 1TPa to 100GPa upon the increase in diameter (3 nm 
to 20 nm) of SWCNT bundle. MWCNTs are observed with higher elastic modulus as a result of 
their various nanotube diameters and the Van der Waals forces in the tubes (Meyyappan, 2005). 
CNTs are  able to endure great strains in tension before fracture (Yakobson & Avouris, 2001) than 
materials that fails with a strain less than 1% because of defects propagation . It leads to the sp2 C-




has the tensile strength of about 50 GPa (Yu et al., 2000) which are 20 times stronger than steel 
(Dresselhaus et al., 1995).  
2.7 SYNTHESIS OF CARBON NANOTUBES 
     This is a technique employed in producing carbon nanotubes in sizable quantities, these 
includes chemical vapour deposition, laser ablation and electric arc discharge methods. 
2.7.1 Chemical vapour deposition 
     This method synthesizes lengthy CNTs with excellent morphology. It enables the production 
of CNTs with good mechanical attributes. This is a process where hydrocarbons are heated at high 
temperature between 973 K to 1273 K through a catalytic system in a quartz tube. CNTs are 
synthesized by thermal decomposition of carbon (with gas molecules) on catalytic systems. The 
carbon atoms disperse on the metallic surface at elevated temperature when the hydrocarbon 
breaks into carbon and hydrogen. This results into carbon (hexagonal shape) before CNTs is 
obtained.  Nevertheless, growth of CNTs can be aborted once the carbon atoms does not have 
contact with the metal catalyst.  The hydrocarbons used in CVD are in form of solid, liquid, and 
gaseous states (Kong et al., 1998; Ren et al., 1998). Also, synthesis of Si/CNT used in Li-ion 
battery anode was conducted using the CVD method (Kim et al., 2006; Shu et al., 2006), with Ni 
as catalyst. The formation of CNT clusters was observed on the Si particles, with voids in the 
composite. The voids are utilized in accommodating structural changes in Si particles through the 
battery cycles without generating structural stress. The fabrication of CNTs-Si coated composites 
by silane decomposition to increase the thermal stability of CNTs was observed by Wang et al. 
(2006). Studies by Koziol et al. (2005) revealed the use of nitrogen precursors in synthesizing 
CNTs through the CVD. Diazine (hydrocarbon feed stock) was used to synthesize MWCNTs by 




amount of internal order and the electron diffraction patterns suggested that the walls had similar 
chiral angle that were not seen in concentric cylindrical CNTs due to geometrical constrain, 
although it existed in conical CNTs. The diffraction patterns depicted a plain achiral form when 
the angles of chiral was observed. The CNTs indicates an armchair or Zigzag (Figure 2.4), with 
conical angle between 0.5o and 5o. Furthermore, the lattice depicts the presence of nitrogen and N2 
gas was observed in the tube, for instance in the core ( Friedrichs et al., 2005; Ducati et al., 2006). 
The shallow cones observed was as a result of high diazine concentrations. 
 
Figure 2.5. MWCNTs diffraction patterns: From the Left to Right, chirality, armchair and zig-zag 
(Koziol et al., 2005). 
 
2.7.2 Electric arc discharge technique 
     This method is used to synthesize CNTs consisting a structural flawlessness (Li et al., 2004). It 
is among the earliest method which utilizes graphite electrodes in synthesizing CNTs (Bethune et 
al., 1993; Iijima & Ichihashi, 1993; Journet et al., 1997), in a chamber with an inert gas (Poole Jr 
& Owens, 2003; Meyyappan, 2005). Direct current (50-100A) flows from the graphite electrodes 
which leads to carbon atoms deposition at the cathode (negative electrode) and carbon atoms 
discharge at the anode (positive electrode). CNTs initiates at the cathode owing to the reduction in 
anode length (Wilson et al., 2002). At the anode, crystallites are produced which leads to the 




to form nanotubes can restrict the synthesis of substantial yields ( Gamaly & Ebbesen, 1995; 
Ajayan & Ebbesen, 1997). This method is used to produce SWCNTs using Ni or Fe as metallic 
catalyst, but MWCNTs synthesis may not require a metallic catalyst (ChhowallaM & Amaratunga, 
2001). The synthesis of MWCNTs in a liquid environment was studied using electric discharge 
technique between pure graphite electrodes (Antisari et al., 2003). This was carried out with 
deionized water and liquid nitrogen. Liquid nitrogen provides the necessary environment in 
MWCNTs production, but the thermal exchange among the synthesized MWCNTs and its 
environment was hindered by the evaporation produced by electron arc discharge, therefore 
degrading MWCNTs structure. However, good quality of MWCNTs can be synthesized in 
deionized water, thereby providing a suitable atmosphere with thermal exchange because of the 
cooling ability of water than liquid nitrogen. Huang et al. (2011) reported a high quality of 
SWCNTs from Y-Ni alloy as catalyst and Se as a promoter. The purity of SWCNTs was attained 
with HNO3 reflux and air oxidation (diameter of 1.5 nm). The process of utilizing Se as a promoter 
for producing SWCNTs depicted better syntheses than FeS as a promoter because of the wetting 
effect of Se, thereby promoting uniform diameter distribution (Figure 2.9(a-f)). Thus, with 
electrolysis, air oxidation and centrifugation processes, better purification of SWCNTs have been 





Figure 2.6. Images of web-like SWCNTs produced with Se as a promoter: (a-b)TEM 
micrographs of as-prepared specimen, (c-d) SEM micrographs of the purified specimen and (e-f) 
TEM micrographs of the purified specimen (Huang et al., 2011) 
2.7.3 Laser ablation method 
     This technique is used to fabricate SWCNTs (Thess et al., 1996; Rinzler et al., 1998; Zhang & 
Iijima, 1999). It involves the use of a laser which vaporizes a carbon target in an argon 
environment. This method was utilized in early production of fullerenes. It is conducted by 
subjecting the carbon target to a high temperature (1200 oC ) in a furnace, the evaporation of carbon 
takes place (Terrones, 2003). The carbon atoms were charged by the  inert gas at high temperature 
to a collector and CNTs are produced after cooling (Poole Jr & Owens, 2003). This technique was 
reportedly studied in 1955 by Smalley and his co-workers, and the synthesis of SWCNT and 




hydrocarbon used, the carrier gas and flow rate of the gases (Meyyappan, 2005). The disadvantage 
of this method is the cost owing to substantial power lasers (Terrones, 2003).  The fabrication of 
SWCNTs with Co and Ni as catalyst was carried out in a nitrogen environment using laser ablation  
(Zhang et al. 1998). The transmission electron microscopy and electron loss spectroscope revealed 
a great yield of SWCNTs like the nanotubes produced with an inert gas. Similarly, the effect of 
laser wavelength on the synthesis of CNTs was investigated by Chrzanowska et al. (2015). The 
range of UV laser radiation was observed through the Raman spectroscopy and scanning electron 
microscope, but the attributes of the CNTs are dependent on the laser fluence. The illustration of 
the laser ablation is presented in Figure 2.10. 
 
Figure 2.7  Illustration of laser ablation depicting the synthesis of carbon nanotubes  
(Chrzanowska et al., 2015) 
 
2.8 DISPERSION OF CARBON NANOTUBES WITHIN THE METAL MATRIX 
     Mechanical attributes of MMCs depends on the methods of dispersing nanotubes in metal 
matrices, different means of consolidating the composites, morphology of the starting materials, 
interfacial reactions between reinforcement and matrix, and percentage weight of CNTs utilized 
(Desai & Haque, 2005; Reihanian et al., 2009). CNTs are used to enhance metal matrices because 




because of the Van der Waals force found in them (Kondoh et al., 2009; Zeng et al., 2010). They 
may lose their structural integrity during harsh processing conditions; therefore, several processing 
methods have been developed to minimize CNTs damages during fabrication.  
2.8.1 Electrodeposition method 
     This method entails the deposition of film on a material by using the electrochemical cells, it is 
facilitated through the current flow between the anode and cathode. Electrodeposition technique 
is utilized in incorporating CNTs-Ni /Cu composites (Ferrer‐Anglada et al., 2006; Shi et al., 2004; 
Liu et al., 2013), and this method suggests great benefit over spray and sputtering techniques 
because it  is cost effective (Chen et al., 2002). It is widely studied due to its good wear resistance 
and distribution strengthening (Changrong et al., 2001; Choa et al., 2003).  Chen et al. (2001) 
reported that the content of CNT increased with bath rate agitation, current density, and with CNTs 
concentration in the electrolyte during electro-deposition of 14% CNT-Ni. This was done at a 
concentration of 2 g L-1 and with the current density of 15 A dm-2. Cho et al. (2006) used the 
electrodeposition method in producing CNT field emission structure, where SWCNT depicts a 
good bonding with the substrate during their dispersion in Ni matrix. SWCNT and Ni serves as 
the emitter structure. Studies by Arai et al. (2004) on the electrodeposition of CNT-Cu and CNT-
Ni revealed a uniform CNTs dispersion with the addition of polyacrylic acid to the basic bath 
through stirring. The deposited CNTs on Ni film produced a skewered dumpling structure. Ni 
depicts non-uniform deposition on the CNTs, though it was electrodeposited on the outer surface 
of CNTs (indicated in Figure 2.8(a)). Guo et al. (2007) reported an increase in reverse ratio and 
pulse frequency of Ni-CNT coating as a result of the increase in the CNTs content which resulted 
in a smooth surface. The electrodeposition of Ni-CNTs with the current density (40 mA/cm2) 




Increment in CNTs concentration led to a better dispersion of the Ni-CNTs composite (Sung-Kyu 
& Tae-Sung, 2011), indicated in Figure 2.9(a-d). 
 
Figure 2.8.  Skewered micrograph of Ni-CNTs composite (Arai et al., 2004) 
 
Figure 2.9. FESEM micrographs depicting Ni-CNTs nano-composites electrodeposition : (a)1 g/L, 
(b) 2 g/L, (c) 5 g/L, and (d) 10 g/L (Sung-Kyu & Tae-Sung, 2011). 
 
2.8.2 Ultrasonication method 
     This process is used to unbundle nanotubes through the application of ultrasonic bath (Rosca 




a high or low concentration of liquid. CNTs are unbundled with the help of shock waves derived 
in the sonicator, and it has been largely utilized by researchers to disperse CNTs in polymers and 
metals through the help of surfactants ( Kim et al., 2006; White et al., 2007; Rastogi et al.,2008; 
Wang et al., 2008; Duque et al., 2010). During this process, shock waves are produced from high 
sonication energy which causes defects. Therefore, sonicator parameters are regulated to prevent 
unenviable phases. Likewise, long sonication time may shorten CNTs, thereby reducing their 
aspect ratios and finally affects their load abilities (Shelimov et al., 1998; Kang et al., 2006;  Yu 
et al., 2007). Other challenges accompanied by ultrasonication include the formation of cavitation 
bubbles in the sonicated medium due to compression and expansions waves (Lucas et al., 2009). 
Mukhopadhyay et al. (2002) investigated that long sonication time of CNTs resulted in non-
crystalline carbon nanoparticles after the graphene layers had been damaged (Figure 2.10(a-d).  
Furthermore, Munir et al. (2015) reported a uniform dispersion of CNTs, a 89% raise in Young’s 
modulus, and 192% increment in the nano hardness of the sonicated assisted ball milled Ti-
MWCNTs composite when compared with the ball milled composites. This investigation revealed 





Figure 2.10. HREM images of CNTs: (a) unsonicated layers of graphene on each side, (b) 
sonicated layers of graphene was changed into amorphous layers after 4 hours, (c) sonicated layers 
of graphene transformed to amorphous layers after 8 hours, (d) sonicated layers of graphene 
transformed to carbon nanofiber after 24 hours (Mukhopadhyay et al., 2002). 
2.8.3 Ball milling process 
     Ball milling is another method of dispersing CNTs in metal matrices and it a process where 
powders are milled in a container (e.g. hardened steel vials) with different balls. During the ball 
milling technique, the matrix-powder undergoes fracturing and welding, which enables CNT 
entrapment between the matrix-powder (Morsi et al., 2010; Yadav & Harimkar, 2011). 
Furthermore, CNTs/matrix powders are trapped between the milling container and the balls, and 
the interplay of the grinding motion de-bundles the CNTs in the matrix-powder. The role of milling 
time is also significant in ensuring better dispersion, as it proceeds then the agglomerations in 




shape and the CNTs are dispersed at powder surface. Afterwards the matrix powder become soft 
and flattens, and the CNTs were embedded within the matrix powder (Morsi et al., 2010). The 
benefits of using ball milling process includes; ease of processing powders, mass production of 
powders can be achieved, and it is cost effective. The challenges of using this process includes; 
production of defects in CNTs, shortening of CNTs, contamination and long processing time 
(Azarniya et al., 2017). The utilization of PCA (process control agent) may enhance the dispersion 
of CNTs within the matrices. Notwithstanding, there are different ball milling equipment 
employed in dispersing the powders, the low energy ball milling exerts less energy on the powders 
while the high energy ball milling exerts substantial energy on the powders. The latter can embed 
CNTs in the matrix, while the former may not evenly disperse CNTs. This may not allow the 
effective diffusion of CNTs in the matrix. Therefore, adequate practical condition is necessary to 
attain high yield of the composites (Liao & Tan, 2011).  The effect of low and high energy ball 
milling technique on the dispersion of CNTs in aluminum matrix was investigated by (Liao & Tan, 
2011). They reported that Al-0.5 wt% CNT composite powders were milled using the high energy 
ball milling 200 rpm for 4 hours. PCA was used in the milling to avoid cold welding of powders 
and the ball to powder ratio was set as 5:1. The composite powders were milled with low energy 
ball milling with similar condition. They observed CNTs embedment (depicted by yellow arrows) 
within the Al matrix through diffusion process due to the impact of high energy ball milling. Better 
dispersion of CNTs was achieved with no agglomeration, while in the low energy ball milling, 
some CNTs agglomerate were observed among the Al matrix powder. Also, some CNTs separates 
and embeds within the matrix powder and most Al powders still shows their round shape, rather 
than flake that was observed in the high energy ball milling. The SEM micrographs of the milling 






Figure 2.11. SEM micrographs of Al-CNT powder: (a–d) after milling by high energy ball milling 
and (e-f) low energy ball milling (Reproduced by (Azarniya et al., 2017). 
 
     Esawi & Morsi, (2007) investigated the dispersion of CNTs in Al matrix powder using the high 
energy ball milling. In this study, the effect of milling time and the dispersion of CNTs on the 
microstructures of the composite powders was studied. Al-2wt% CNT powders were milled using 
the high energy ball milling at the speed of 200 rpm for varied milling times (30 min, 1 h, 3 h, 6 
h, 12 h, 18 h, 24 h, 36 h, and 48 h). Mechanical alloying involves two competing processes; cold 
welding of particles which resulted in decreasing ductility and fracturing of particles. The other 
process entails the cold welding of the particles which increases the particle size (Suryanarayana, 
2001). They reported that Al particles were flattened, formed flakes and then welded together to 
form large particles. The surface became smoother after continuous milling. CNTs was 




after the ball milling was increased from 1 h to 3 h. Then after 6 h of ball milling, the particles had 
cold welded with CNTs embedded in the particles, thereby forming large smooth particles. The 
effect of the ball milling on the microstructures of the composites are presented in Figure 2.12.  
     The effect of ball milling time on the mechanical properties of Al-CNT composites was studied 
by Liu et al. (2012). Al-CNT powders were milled using the high energy ball milling at a speed of 
300 rpm for the durations of 2 h, 4 h, 6 h, 8 h and 12 h. They reported that the powders were 
flattened as the milling time increased from 2 h to 8 h due to the shearing effect of the milling 
balls. Further increase in the milling time to 12 h resulted in the fracturing of the powders. 
Clustered CNTs were observed at the surface of Al particles at the milling time of 2 h and the 
entangled CNTs decreases at 4 h. When the ball milling was increased from 6 h to 8 h, CNTs 







Figure 2.12.  SEM images of mechanically alloyed Al-2 wt% CNT powder after (a) 0.5 h, (b) 1 h, 
(c) 3 h, (d) 6 h, (e) 12 h, (f) 18 h, (g) 36 h and (h) 48 h (Esawi & Morsi, 2007). 
 
The strength of the unreinforced Al matrix increased, and the elongation decreased with the milling 




and iron impurities. The ultimate tensile strength and yield strength of the composites increased 
with the milling time (about 18.4% and 42.3% increments) and the elongation increased from 4-6 




Figure 2.13. Relative increments of UTS and YS of Al-CNT composites relative to Al 
matrix (Liu et al., 2012). 
 
     In a bit to ensure good dispersion of CNTs in metal matrices, some milling techniques have 
been developed by researchers, these techniques include: 
• Cryogenic milling: This is another milling technique that is used to suppress heat-induced 
changes in metal powder. It is carried out at a low temperature below 174 oC, to reduce 
grain growth, promote grain refinement, increase brittleness and decrease grain size in 
metal particles. The method is associated with reduced processing time, and the increase 
in hardness of the nanocomposites are achieved through the Hall-Petch mechanism. 
Cryogenic milling was used to achieve the dispersion of CNTs in Al 2009 matrix under 
liquid nitrogen at the speed of 180 rpm for 2 h (He et al., 2017). They observed the 




balance was attained between the high strength and yield strength (443.3 MPa) and 
elongation of 10.2%.  
• Two stage milling: This technique entails the combination of the low energy ball milling 
and high energy ball milling process. Xu et al. (2017) utilized the two-stage milling to 
achieve the dispersion of 1.5 wt% CNT in Al matrix composites. The low energy was 
carried at the speed of 135 rpm for 8 h while the high energy ball milling was carried out 
at 270 rpm for 1 h. They reported an ultimate tensile strength of 376 MPa, a yield strength 
of 326 MPa and elongation of 12.4%. With this approach, a balance was achieved between 
ductility and strength with uniform dispersion of CNTs and little structural damage.   
• Dual matrix method: This approach was investigated by Salama et al. (2017) to disperse 
CNTs within  Al composites. A single matrix approach was used in dispersing CNTs in Al 
matrix powder via high planetary ball milling for 2 hours at the speed of 400 rpm. 
Afterwards dual matrix approach was achieved through the embedment of the single matrix 
powder in an auxiliary Al matrix at the duration of 0.5 h and 1 h. During this experiment, 
1 wt% and 2.5 wt% CNT contents was used. They achieved a higher ductility with the 
auxiliary milling of the dual matrices as compared to single matrices due to good bonding 
between the two phases. The dual matrix approach gave the best mechanical properties 
with the tensile strength of 298.3 MPa and ductility of 11.6% for 1 wt% CNTs and 348.3 
MPa and 7.2% (tensile strength and ductility) for 2.5 wt% CNTs respectively.  
2.9 FABRICATION TECHNIQUES  
2.9.1 Powder metallurgy  
     Powder metallurgy (PM) can fabricate complex materials which are not easily carried out by 




fabrication at a temperature lower than the melting point of the powder sample (Oghbaei & 
Mirzaee, 2010). It has been extensively used because of its excellent benefits which includes near-
net shape production of parts, low cost of manufacturing and material loss (Long et al., 2013). The 
mixture of the reinforcement and the matrix powder are achieved with the help of mechanical 
alloying, and the syntheses are carried out with hot pressing, spark plasma sintering, and 
microwave sintering  (Obadele et al., 2017). Mechanical alloying (MA) has been used in 
processing different powders and nano powder composites with fine microstructures by cold 
welding, fracturing, and re-welding of powder mixtures through high energy ball milling (HEBM). 
Due to the nano size and high-volume fraction of CNTs, they tend to agglomerate, therefore 
HEBM has been employed to debundle and disperse CNTs (Prabhu et al., 2006). HEBM was used 
to produce oxide-dispersion strengthened Fe and Ni based alloys for aerospace applications 
(Benjamin, 1990). It was also used in producing crystalline and metastable intermetallics phases 
after undergoing repeated cold welding, fracturing, and re-welding due to ball collision 
(Suryanarayana, 2001). A plastic deformation of the powder takes place, steady and repeated 
equilibrium is attained through welding and fracturing of the powders (Benjamin & Volin, 1974). 
During MA, harsh ball milling may cause defects and bending stress in CNTs (Pierard et al., 2001), 
without adequate control of the milling parameters such as milling duration, speed and interval, 
ball to powder ratio (BPR), and radius of sample holder (Agarwal et al., 2016). The schematic 
diagram of the ball milling process is shown in Figure 2.14, the milling may undergo either wet or 
dry milling. The latter require no solvent during milling while the former utilizes solvent with low 
surface energy, for instance ethanol. Therefore, PM can be used in dry and wet states to achieve 





Figure 2.14. Diagram of powder metallurgy technique  
 
2.9.2 Spark plasma sintering 
     Spark plasma sintering (SPS) involves the fabrication of powders using the pulsed current and 
force under the exertion of compressive pressure. The heating in SPS is achieved by spark 
discharges in voids between the powder particles, which refines and activates the powder surface. 
The refined surface of the particles melts and join to form a neck. Afterwards the direct current 
passes through the particles via the necks. The direct current produced the joule heating, and there 
is atomic diffusion in the necks, thereby resulting to their growth (Munir et al., 2006). The role of 
high temperature reduces the grain coarsening. The material is heated and becomes soft, and 
thereby exerts plastic deformation under the force. The densification of the material is achieved 
through the combination effect of the plastic deformation and diffusion. With the use of SPS, 
nanocrystalline materials can be fabricated by suppressing the grain size as a result of rapid heating 
rate (Matizamhuka, 2016). This technique is an upgrade of the hot-pressing process (Kessel & 
Hennicke, 2007; Suárez et al., 2013). In the hot-pressing process, the material is being heated 




can attain 100% densification without the use of binder (Kessel et al., 2010; Rajeswari et al., 2010, 
Khalil, 2012). It is associated with fast heating and cooling rates, short sintering time, high 
densification, preservation of the innate properties of fully dense powders, high energy efficiency, 
better refinement of powder surface and limitation of grain growth (Suárez et al., 2013). Studies 
shows that SPS can prevent interfacial reactions by decreasing the consolidation time of CNTs 
reinforced metal matrix composites (Hulbert et al., 2009). The sintering of nano powders can be 
achieved without providing necessary time for grain growth. The formation of plasma as a result 
of the direct current effect in SPS is still unclear ( Matsugi, 1995; Chaim, 2007; Shen et al., 2002). 
Figure 2.15 depicts the technique of SPS and flow of direct current in the particles. 
 
Figure 2.15.  Illustration showing: (a) SPS, and (b) current passing through the powder particles 
(Suárez et al., 2013). 
2.9.3 Influence of sintering parameters  
 During the sintering process, different sintering parameters such as temperature, pressure, holding 




matrix. The influence of sintering temperatures was observed in the fabrication of CNT/AMCs. 
According to the reports from Guo et al. (2017), different CNTs weights (0.75 and 1%) and 
sintering temperatures (590 oC  and 630 oC) were considered during the consolidation of the 
composites. The results revealed that the sintered composite (0.75 Wt% CNT) at 590 oC had the 
minimum mechanical properties which include tensile strength, yield strength and elongation. 
Irrespective of the CNT weights, the mechanical characteristics of the composites increased while 
the sintering temperature increased from 590 oC to 630 oC. This showed that sintering temperature 
can improve the properties of a sintered composite. During sintering process, sintering temperature 
may facilitate the activation of the powder surface due to the passage of electric current which 
leads to high rate of atom diffusion. With the interplay of both pressure and temperature, powder-
particles are well arranged and thus favoring high densification. Vasanthakumar et al. (2017) 
consolidated Ti-CNT composites and they reported an improvement in the sintered density of the 
composite at a high temperature of about 1200 oC. They also observed that higher temperature had 
a direct effect on the porosity of the composites. At higher temperature (1200 oC), no porosity was 
visible due to grain growth, even with the increase in the CNT content.  The sintered composites 
at 800 oC and 1000 oC had porosities as shown in their microstructures (Figure 2.16). Porosity was 
observed to decrease with increasing temperature, this depicts that high sintering temperature can 
improve the relative density of the composites. The densification increased with the contents of 
CNT for sintered Ti-CNTs composites at 1200 oC, while the densification of sintered composites 
(Ti-CNT) at both 800 and 1000 oC decreased with increasing CNT contents. They also reported 
the effect of the temperatures on the hardness and the reduced modulus of elasticity of the sintered 
composites. The hardness of the Ti-5 wt% CNT and Ti-10 wt% CNT composites increased with 




sintered Ti at 1000 oC showed an improved hardness due to the TiC present in the sample. It was 
observed that the addition of CNTs from 0-5 wt% increased the hardness at all the sintering 
temperatures but little or no significant increase was recorded from 5-10 wt% CNT. At 1200 oC, 
the hardness of Ti-10 wt% CNT was more than Ti-5 Wt% CNT due to high ratio of C/Ti, as shown 
in Figure 2.17. In the case of the reduced modulus of elasticity, significant increase was observed 
with the increase in CNT content at 1200 oC. However, a few deviations was observed at the lower 
temperatures as a result of the unreacted Ti, CNT and non-stoichiometric TiCx (Vasanthakumar 
et al., 2017). 
 
 
Figure 2.16. SEM micrographs depicting the cross section samples: Ti (a, b, c),  Ti-5CNTs (d, e, 
f), and Ti-10CNTs (g, h, i) fabricated at the temperature of 800 oC, 1000 oC and 1200 oC 






Figure 2.17. Plots showing nanohardness, and reduced modulus of the fabricated composites 
with CNTs weights and at different temperatures (Vasanthakumar et al., 2017) 
 
 
     The influence of sintering temperature and heating rate on the properties of CNTs-Al matrix 
composites was investigated by Singh et al., (2018). They noticed an increase in the microhardness 
of the composites due to the increase in sintering temperature (Figure 2.18a). This may be 
associated with the increase in densification and interparticle atomic bonding as a result of high 
temperature. Also, there was a rapid interparticle adhesion at higher temperature based on the joule 
heating of the particles, which was facilitated by the passage of the electric current (Ye et al., 
2006).  The indentations of the hardness test with different sintering temperatures is presented in 
(Figure 2.18b-d). The indents of the fabricated composite at the temperature of 400 oC revealed 
the presence of cracks on the surface due to poor interparticle adhesion, as compared to the sintered 
composite at 600 oC which showed a perfect diamond shape. No evidence of crack was observed 
for this composite, this further revealed the influence of sintering temperatures on the hardness 
property. The hardness increased from 68 VHN to 81 VHN, as the temperature increased from 400 
to 600 oC. The influence of the heating rate on microhardness was not as dominant as the sintering 




VHN. The hardness increased to 77 VHN as the heating rate was reduced to 50 oC/min and a 




Figure 2.18. Microhardness results of the nanocomposites and SEM images of the microhardness 
indentation of the composites: (a) 400 oC, (b) 500 oC, and (c) 600 oC at the heating rate of 50 
oC/min (Singh et al., 2018). 
 
 
They also reported the effect of sintering temperature on the elastic modulus and nanohardness of 




elastic modulus of the composites as the temperature increased from 400 to 600 oC. Also, there 
was no significant impact of the heating on the nanohardness and elastic modulus respectively.   
2.10 SUMMARY 
     The literature review on metal matrix composites, synthesis of carbon nanotubes and their 
dispersion techniques, fabrication techniques of CNTs reinforced metal matrix composites and 
their sintering parameters have been highlighted in this chapter. It revealed the challenges 
associated in obtaining a good CNTs dispersion within metal matrices and how it can be 
minimized. Over the years, different methods have been used to disperse CNTs, but it is worth 
noting that uniform dispersions of CNTs would improve the properties of metal matrix composites. 
Thus, dispersion of CNTs have been achieved by using the ball milling process. The role of ball 
milling has been highlighted in this review, with their effects on mechanical features of metal 
matrix composites. Although, the process is associated with some challenges, but with adequate 
control of milling parameters, defects and shortenings of CNTs can be minimized. The significance 
of SPS as a rapid sintering process and the role of its sintering parameters on mechanical properties 
have been reviewed, but it could be established that the reinforcement of CNTs into nickel 













     In this chapter, the materials, methods and equipment used for this research are analyzed. The 
methods utilized for this study involves: 
1. As received powders 
2. Milling of the as received powders 
3. Dispersion and characterization of the milled composite powders 
4.  Consolidation of the milled powders 
3.1 AS RECEIVED POWDERS 
                    As received MWCNT powder (99.8% purity, 9.5 nm diameter) from Nanocyl, Belgium was 
used. The MWCNTs (1.0 wt.%) were added to nickel powder (99.5% purity, 0.5-3.0 µm average 
particle) from WearTech and aluminum powder (99.8% purity, 25 µm average particle size) from 
Technik GmbH (TLS) and Co. Spezialpulver, Germany.  
3.2 MILLING OF THE AS-RECEIVED POWDER 
     The measured powders were charged in a 250 ml hardened steel container (diameter = 100 
mm), containing two different steel balls (diameter (d) = 3 and 7 mm respectively) and the ball to 
powder ratio adopted was 10:1. The purpose of using the steel balls is to prevent the powders from 
being heated up and to increase impact energy during ball milling (Suryanarayana, 2001). The 
initial powder milling was done to synthesize the admixed powders at 150 rpm for 6 h in a low 
energy ball milling (LEBM, Germany, Retsch PM 100). Then, additional powder milling was 
carried out with high energy ball milling (Retsch PM 400, HEBM, Germany) at 80 rpm for the 




low to preserve the integrity of the nanotubes. This was carried out to ensure even distribution of 
nanotubes within the matrix. The planetary ball mill was shown in Figure 3.1(b).  
 
Figure 3.1 Planetary ball milling (a) Low Energy Ball Milling PM 100, and (b) High Energy Ball 
Milling PM 400 
 
3.3 CHARACTERIZATION OF THE MILLED POWDERS 
3.3.1 Morphology of the powders 
     The samples utilized for Field Emission Scanning Electron Microscope (FESEM, Carl Zeiss 
Sigma) furnished with energy dispersive X-ray spectrometry (EDS, Oxford) were prepared by 
using a double-sided carbon tape fixed into a sample holder to gather small amount of powders. 
The mounted samples were placed in an automatic carbon cord coater (Turbomolecular pumped 
coater, Q150T E) consisting of graphite rods, where the samples were coated. This was carried out 
to make the samples conductive and to prevent charging during SEM analysis. The SEM utilized 
has a beam of high energy electrons which was employed to scan the surface of the samples thereby 
producing a magnified image. The microscopy has a high magnification up to 1 million times and 
was used to generate high resolution images. Furthermore, the signals from the electron-sample 
interactions showed the detailed information about the sample’s morphology and reinforced 




of qualitative analyses. The morphology of the samples was carried out using the SEM (Figure 
3.2). The crystal orientation of the samples was analysed using the Electron backscattered 
diffraction detector (EBSD).  The consolidated samples were polished using Eposil M Colloidal 
Silica to prepare the surface and EBSD analysis was performed on the polished surface of the 
samples with a step size of 0.5 µm and a voltage of 20 kV. The grain size and the crystallographic 
orientation were analyzed with AZtecHKL software (Denmark) and the EBSD maps were 
obtained. 
 
Figure 3.2 FESEM, Carl Zeiss Sigma Scanning Electron Microscope  
3.3.2 Transmission electron microscopy of the powders 
     The samples used for Transmission Electron Microscopy (TEM, JEOL-Jem 2100) were 
prepared by dispersing the powders in ethanol for 20 minutes with the aid of an ultrasonicator bath 
(Mecan, MC-PS-06A). Then, copper grids coated with a holey carbon film (Ayache et al., 2010), 
were immersed in the sonicated samples for few seconds. The high resolution TEM used for 
analysis, has an electrons beam transferred through the prepared ultrathin specimen, thereby 




voltage of about 200 KV, resolution of 0.14 nm (lattice image) and a magnification between 30 to 
800,000. The TEM image was formed with the influence of the electrons as the beam was 
transferred through the sample. Thus, the image is magnified and focused on a screen. The 
equipment was used to observe the morphology and the dispersion level of nanotubes (Figure 3.3). 
  
Figure 3.3 JEOL-JEM 2100, Transmission Electron Microscope 
3.3.3 X-ray diffractometer of the sample 
     The samples for X-ray diffractometer (Rigaku, Ultima IV, XRD) were prepared by placing the 
sample in the sample holder. The sample holder was placed in the path of an X-ray beam. X-ray 




over an angular range. The scanning of the sample was carried out between a low and medium 
elevated temperature (-180 to 350 oC). It has an accelerating voltage of 40 KV, current of 30 mA 
and a maximum rated output of 1.2 KW. The evaluation of structural identification and crystalline 
phases of the fabricated samples was conducted upon the polished samples by making use of Cu-
Ka radiation (ƛ = 0.154). XRD was scan at a speed of 0.500 deg/min over the angular range of 10-
90o.  PDXL integrated X-ray diffraction software was used as a search-match routine in order to 
identify the phases present in the samples. Likewise, the peak positions and intensities were 
determined from automatic integration procedures. The phase identifications of the samples were 
analyzed using XRD (Figure 3.4). 
 
Figure 3.4 Rigaku X-Ray Diffractometer  
3.3.4 Raman analysis of the powders 
     The specimens used for Raman microspectrometer (WITec Alpha300 R confocal, Germany) 




mounting on the Raman stage. The microspectrometer was calibrated with a silicon standard 
before acquisition commenced. Beam centering and Raman spectra calibration were performed 
before spectral acquisition using a Si standard (111).  The 5X and 20X Nikon objectives lens were 
used to collect the scattered radiation and, when needed, the 50X lens was used for more detailed 
analysis, with a laser power of 3 mW. The laser interacts with the specimen, the specimen was 
focused, and the images were obtained within the acquisition time of 2 sec. The specimens were 
analyzed at the spectra range of 300-2500 cm-1, with a 532 nm laser at 5 different positions. WITec 
(Software 2.5) was used to analyze the Raman spectra into two Gaussian peaks. This was 
performed to determine the intensity, peaks, and extent of defects done to the MWCNTs (Figure 
3.5). 
 
Figure 3.5. WITec Focus Innovations Raman spectroscope. 
3.3.5 Consolidation of the powders 
     The samples used for consolidation were measured and consolidated by spark plasma sintering 
(SPS, HHPD-25, FCT, Germany) in a die (graphite) containing the sintering punches. Graphite 
foils were inserted in the die, and between powders and sintering punches; furthermore, porous 




out in a vacuum using the following sintering parameters; 1000 oC, 50 MPa, 10 min, as the 
sintering temperature, pressure, holding time and the heating rates of 50 oC/min, 100 oC/min, and 
150 oC/min respectively.  
3.4 CHARACTERIZATION OF THE SINTERED SAMPLES 
3.4.1 Relative density of the sintered samples 
The samples were placed in a weigh balance which contain a beaker filled with de-ionized water. 
The weight in air of the samples was taken, subsequently the samples were placed in the beaker 
and the weight in water was recorded.  The relative density (RD) of the sintered samples was 
carried out in line ASTM B962 (Cavaliere et al., 2017), which is based on Archimedes’ principle. 
The RD was calculated with reference to the theoretical density (TD).  The equations below was 




   -------------------  (equation 3.1)       
Hence, the mass of the sintered sample in air and water are represented by a, and b; and A is the 
experimental density. The TD was determined by the formula; 
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   ----------------- (equation 3.2) 
Relative density (RD) = 
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
  x 100% --------- (equation 3.3) 
Thus, the weight fraction of the matrix and reinforcement are denoted by wx and wy, while the 
density of the matrix and reinforcement are denoted by Dx and Dy.  
3.4.2 Morphology of the sintered samples 
     Field Scanning Electron Microscopy (FESEM, Carl Zeiss Sigma), furnished with energy 
dispersive X-ray spectrometry (EDX detector) was used to analyze the morphology of the 




mounting cup. Then, the prepared mixture of catalyst and resin was poured on the samples. The 
cold mounted samples were grounded by using MD-Molto 220 and fine grounded on MD-Largo 
disc with 6 μm diamond suspension. The samples were further polished on MD-Allegro disc with 
3 μm diamond suspension and fine polished on Aka-Chemal with fumed silica suspension in order 
to achieve a mirror-like surface. The polished samples were rinsed with distilled water and allowed 
to dry. Afterwards, the cold mounted resins were removed carefully from the samples before 
observing the morphology of the samples through the SEM (Figure 3.2) and EDX (confirm the 
composition of the samples). 
3.4.3 Vickers microhardness of the sintered samples 
     The hardness test was carried out using Vickers microhardness (Micro star 2000, inc., Figure 
3.6) at room temperature on polished samples. The samples were placed on the motorized XY-
stage of the machine and bright view of the surfaces was achieved under low magnification lens 
by adjusting the focus. An impression was made on the samples with the aid of the indenter at a 
load of 4.90 N and dwell time of 10 seconds. The average value of five indentations was recorded 
at intervals. The Vickers microhardness tester comprises of 2 indenters, working distance 





Figure 3.6. Micro Star 2000, Vickers microhardness tester. 
3.4.4 Nanoindentation analysis of the sintered samples 
     Nanoindentation test was done on an ultra nanoindenter, on polished samples using a diamond 
indenter (Berkovich, Figure 3.7). The technique measures the time, and depth against load of an 
indenter tip of the sample (Fischer-Cripps, 2006). The indenter tip was calibrated to achieve 
uniformity and the tests were carried out using a load of 75 mN. Seven indentations were taken 
per sample with 8 µm spacing to prevent work hardening (Džunić et al., 2015). Also, a period of 
1000 sec was used to measure the time dependent properties and all the experiment was carried 




samples such as nanohardness and elastic modulus, were determined from the information of the 
unloading and loading cycle (Pillai et al., 2012).  
 
Figure 3.7. Nanoindentation. 
3.4.5 Wear behaviour of the sintered samples 
     Wear analysis was carried out using a ball on disc tribometer (Anton Paar GmbH, Austria) 
(Figure 3.8) with stainless steel ball as the counterface material upon the polished samples. The 
tribometer is furnished with double Linear Voltage Displacement Transducer sensor, positioned 
on each side of the arm for measuring the frictional force. The samples were placed on the disc 
and different loads were applied during the test. The test was performed in a manner that would 
enable the ball to make a reciprocating movement on the samples. The sliding wear test was done 
at varied sliding loads of 2 N, 5 N, and 8 N at linear speed of 15.91 cm/s and the coefficient of 



























4 RESULTS AND DISCUSSION ON THE DISPERSION CHARACTERISTICS OF 
MWCNTs INTO NiAl 
     This chapter presents the characterization of the as-received powders (Ni, Al and MWCNTs) 
and the admixed powders. SEM was utilized to obtain the morphologies of all the starting and 
the admixed powders, and EDS was used to analyze the chemical composition of the powders. 
The phase identification of the admixed powders was determined from the XRD analysis. The 
dispersion characteristics and structural integrity of the as-received MWCNTs and the dispersed 
composite powders at different HEBM times were determined using the TEM and Raman 
analysis.  
4.1 MORPHOLOGY OF THE STARTING POWDER 
     Figure 4.1 shows the SEM image and the EDS spectrum of the as-received Al powder. Al 
particles are spherical with smooth and nonporous surface, depicting bundled satellites. The EDS 
analysis revealed the peak of Al, as shown in Figure 4.1(c). Figure 4.2 represents the SEM 
micrograph and EDS spectrum of the as-received Ni powder.  It was observed that Ni particles are 
uneven in shape, forming clusters. The EDS spectrum revealed the peaks of Ni as the elemental 
composition present in the particle, as shown in Figure 4.2(c).  Figure 4.3 denotes the image of the 
MWCNTs with agglomerated tube-like shape (highly entangled), due to Van der Waals forces and 





Figure 4.1. SEM micrograph of Al particles: (a) Nonporous and clustered satellite, (b and c) EDS 














Figure 4.3. SEM micrograph of MWCNTs.  
 
4.2 MORPHOLOGY OF THE MILLED POWDER 
     Figure 4.4(a-d) shows the SEM images of the milled powders. Figure 4.4(a) shows the image 
of NiAl powder with large rough particles, the structure was obtained from ball collisions of Ni 
and Al particles resulting to cold welding and fracturing (Suryanarayana, 2001). Figure 4.4(b) 
denotes the SEM micrograph of the milled NiAl-1wt% MWCNTs composite powder with the 
HEBM of 1 hour. The white arrows in the micrograph point to the dispersion of MWCNTs in the 
metal matrix and the red circle point to the clustered MWCNTs due to poor wettability. The 
micrograph of the milled NiAl-1wt% MWCNTs composite powder with the HEBM of 2 hours 
was represented in Figure 4.4(c). The image depicts the agglomeration of MWCNTs in NiAl metal 
matrix as illustrated using a red dotted circle. Meanwhile, Figure 4.4(d) depicts the dispersed 
composite powder with the HEBM of 3 hours. The white arrows on the micrograph point to the 
regions of dispersion, and the clustered MWCNTs were also represented by a red circle.  This 
study suggests that the agglomerations of MWCNTs in the metal matrix was due to the inability 




& Wen, 2016). It was observed from the image that the dispersed composite with HEBM of 1 hour 




Figure 4.4. SEM micrograph of the milled powders: (a) NiAl, (b) NiAl-1wt% MWCNTs, HEBM 








4.2.1 XRD analysis of the milled powder 
 
     Figure 4.5 denotes the XRD diffractographs of the powders which consists of NiAl and NiAl-
1 wt% MWCNT composites respectively. From the diffractographs, the peaks of the milled 
powders were not broadened. The highest peak in the pattern indicates the formation of NiAl which 
has ordered body centered cubic structure (a strukturbericht-superstructure designation of B2), 
which is made up of ordered crystal structure of simple CsCl prototype (Talaş, 2018).  NiAl peaks 
were observed at 2Ɵ = 44.63o, and 65.54 o which corresponds to the planes (110) and (211).  
However, the formation of nickel carbide (NiC, a precipitate) was seen in the diffractograph of the 
composite powders, maybe due to the impact of the ball milling. NiC peaks were seen at 2Ɵ = 
38.9 o, 44.63 o, 52.3 o, 74.5 o which corresponds to the planes (111), (110), (200), and (220) 
respectively.  
 
Figure 4.5. XRD patterns of milled NiAl and NiAl- 1 wt % MWCNTs composites at 




4.2.2 Raman analysis of the milled powder 
 
     Raman spectroscopy is used to determine the structural integrity of MWCNTs in the matrix 
powder. This consists of two graphitic peaks known as D and G bands respectively. The D band 
peak is associated with disorder C-C networks, which indicates a non-crystallinity (non-sp2 
structural defects) in graphitic materials while the G band is termed as the in-plane stretching mode 
in C-C networks. This peak corresponds to the level of crystallinity (Delhaes et al., 2006). The 
Raman spectra of MWCNTs and the dispersed NiAl-MWCNTs composite powders at 1 hour, 2 
hours and 3 hours respectively are presented in Figure 4.6. The D and G bands of MWCNTs was 
observed at 1350 and 1575 cm-1 respectively and it had the ID / IG ratio of 0.802, which indicates a 
dominance of crystallinity over the non-crystallinity. Moreover, the decrease in the intensity of G 
band may be ascribed to non-crystallinity (McCarthy & Thedchanamoorthy, 1988; Ferrari, 2007).  
The milled NiAl-1wt% MWCNTs powder (HEBM, 1 hour) had the ID/IG ratio of 0.895 which 
indicates a 11.5% increase than the as-received MWCNTs. The composite showed similar and 
broadened peaks, which suggests that the integrity of MWCNTs are not fully preserved in the 
matrix. The milled NiAl-1wt% MWCNTs powder (HEBM, 2 hours) had the ID/IG ratio of 0.896 
which indicates a 12% increase than the as-received MWCNTs, and the dispersed NiAl-1wt% 
MWCNTs powder (HEBM, 3 hours) had the ID/IG ratio of 0.933 which indicates a 16% increase 
from the as-received MWCNTs, which suggests a more dominance of non sp2 disorders  over sp2 





Figure 4.6. Raman spectra of the as received MWCNTs and the milled NiAl-1wt% MWCNTs 
composites. 
 
4.3 DISPERSION CHARACTERISTICS OF MWCNTs AND NiAl –MWCNTs  
     The dispersion characteristics of the as-received MWCNTs and the NiAl-1wt% MWCNTs 
composite powders were analyzed with the TEM, to depicts the selected area of electron diffraction 
pattern (SAED), Fast fourier transform (FFT), and the walls of the MWCNTs.  
4.3.1 Diffraction pattern of the as-received MWCNTs  
     The SAED is used to examine the crystallographic information, amorphous phases, dislocations 
(partial rings, extra spots and streaks) and crystalline phases in composites. The SAED pattern of 
the MWCNT was presented in Figure 4.7(a), with a bright ring which matches the interplanar 
spacing and the pattern of a graphite ring. It consists of many rings which corresponds to a set of 
atomic planes of graphite (Asadabad & Eskandari, 2016). In the SAED pattern of MWCNTs, the 
observed planes (002) and (101) suggests a high crystallinity of carbon nanotubes. They are 




(Sreekanth et al., 2014;  Jafari Eskandari et al., 2017). The TEM image of MWCNTs (Figure 
4.7(b)), revealed an entangled nanotubes due to Van der Waals forces and high aspect ratio presents 
in the nanotubes (Munir et al., 2017a). The image of the MWCNT walls has an interlayer spacing 
of 0.345 nm, as shown in Figure 4.7(c). Furthermore, the fast fourier transform (FFT) of the 
MWCNTs in Figure 4.7(d) was observed with narrow tips, and this indicates the nature of 









Figure 4.7. HRTEM of as received MWCNTs showing the: (a) SAED pattern, (b) image of 





4.3.2 Milled NiAl - 1wt% MWCNTs composite  
      The SAED pattern of the milled NiAl-1wt% MWCNTs composite powder (HEBM, 1 hour) 
was presented in Figure 4.8(a). The coaxial and halo rings were still intact as compared to the 
graphitic ring (as-received MWCNTs). The rings were not fully coaxial, but revealed some streaks 
and extra spots, which denotes the presence of dislocations on the structure of nanotubes during 
dispersion. This further results to the presence of non-sp2 disorder which scatters electrons during 
diffraction. Furthermore, there was no observation of the formation of streak on spots in the coaxial 
ring which take place during severe dislocation accumulations that distorts the crystal orientations 
of the nanotubes. The big spots on the SAED pattern may be ascribed to the matrix and precipitate 
observed (Asadabad & Eskandari, 2016). The atomic planes (002) and (101) were still present in 
the ring. The TEM micrograph of the milled NiAl-1wt% MWCNTs composite powder (Figure 
4.8(b), shows a relative dispersion of MWCNTs within the NiAl matrix (pointed with orange 
arrows) due to the impact force applied during the milling process. This energy overcame the Van 
der Waals forces in the nanotubes. The walls of the MWCNT were measured to determine extent 
of the strain in the composite, and it shows an interlayer spacing of 0.3502 nm (1.5% increase than 
the as-received MWCNTs) as shown in Figure 4.8(c). It indicates that the walls of nanotubes were 
subjected to some extent of bending stresses or strain during the milling process. Furthermore, the 
fast fourier transform (FFT) of the milled NiAl-1wt% MWCNTs in Figure 4.8(d) showed slight 
broad tips, and this indicates the nature of non-crystallinity in the nanotubes. 
     The SAED pattern of the milled NiAl-1wt% MWCNTs composite powder (HEBM, 2 hours) is 
presented in Figure 4.9(a). The coaxial and halo rings were fading out gradually as compared to 
the composite powder (HEBM, 1 hour). This is an indication of strain on the planes (002) and 




streaks and extra spots due to dislocations as illustrated in the composite (HEBM, 1 hour). This 
further indicates the presence of more amorphous carbon which scatters electrons during 
diffraction. The TEM micrograph of the dispersed NiAl-1wt% MWCNTs composite powder 
(Figure 4.9(b), shows the agglomerations of MWCNTs within the NiAl matrix. This may be due 
to severe plastic deformation during the dispersion of MWCNTs, when the milling time was 
prolonged. It may have compromised the exclusive structure of the MWCNTs (Okoro et al., 2019). 
The composite was observed with the interlayer spacing of 0.3516 nm (1.9% increase than the as-
received MWCNTs), as shown in Figure 4.9(c). It depicts that the composite was subjected to 
more strains during the prolonged milling. Furthermore, the fast fourier transform (FFT) of the 
milled NiAl-1wt% MWCNTs in Figure 4.9(d), was observed with broader tips, and this indicates 
more defects in the nanotubes.  
     The SAED pattern of the milled NiAl-1wt% MWCNTs composite powder (HEBM, 3 hours) 
was presented in Figure 4.10(a).  The coaxial and halo rings were fading out gradually, which is 
an indication of more strain on the planes (002) and (101) during ball milling. Also, the rings were 
not fully coaxial, showing the presence of more streaks and extra spots due to dislocations as 
illustrated in the composite (HEBM, 1 hour). The TEM micrograph of the milled NiAl-1wt% 
MWCNTs composite powder (Figure 4.10(b), shows more agglomerations of MWCNTs within 
the NiAl matrix. This may be due to severe plastic deformation during the dispersion of MWCNTs, 
when the milling time was more prolonged. The powder was observed with the interlayer spacing 
of 0.3540 nm (2.6% increase than the as-received MWCNTs), as shown in Figure 4.10(c). It 
depicts that the composite was subjected to more strains during the prolonged milling. 
Furthermore, the fast fourier transform (FFT) of the milled NiAl-1wt% MWCNTs in Figure 




From the milled NiAl-1wt% MWCNTs composite powders (HEBM, 1 hour, 2 hours and 3 hours), 
it was observed that there were formation of streaks and extra spots on all the powders which 
showed the presence of dislocations on the structure of the nanotubes. It depicts that the nanotubes 
were subjected to strain during the dispersion and there were more strains as the dispersion time 
was prolonged. The dispersion of MWCNTs in NiAl matrix can be achieved when the impact 
energy applied on the powders is enough to overcome the Van der Waals forces in the nanotubes. 
The impact energy applied on powders during HEBM is function of the milling time, charged 
powders, collision of balls and milling speed. HEBM can inflict higher mechanical energy on 
powders to yield uniform dispersion of MWCNTs, but not at the expense of the structural integrity 
of the MWCNTs. From this study, the impact energy applied on the composite powders could not 
overcome the Van der Waals forces in the nanotubes. This was observed with the TEM analysis 
of the composites, depicting the presence of streak and extra spots. Although, relative dispersions 
were achieved with NiAl-MWCNTs (HEBM, 1 hour) powder, as compared with the composites 



















Figure 4.8. HRTEM of the milled NiAl-1wt% MWCNTs, HEBM 1 hour: (a) SAED pattern, (b) 












Figure 4.9. HRTEM of the milled NiAl-1wt% MWCNTs, HEBM  2 hours: (a) SAED pattern, (b) 














Figure 4.10. HRTEM of milled NiAl-1wt% MWCNTs, HEBM 3 hours: (a) SAED pattern, (b) 






     Chapter four discussed the synthesis of the milled powders obtained by using the planetary ball 
milling process. The morphology, composition and the structural integrity of the powders were 
observed using the SEM, XRD and Raman spectroscopy. The SEM images revealed a relative 
dispersion and agglomerations of MWCNTs in the composites. The XRD confirms the formation 
of NiAl peaks as the dominant peak and the Raman spectra revealed ID/IG ratio of the composites. 
This ratio depicts the structural integrity of the MWCNTs within the NiAl and it decreased with 
prolonged milling. The dispersion level of MWCNTs in NiAl matrix was analyzed using the TEM 
and this revealed the presence of dislocations in form of streaks and spots in the composites. The 
role of impact energy from the ball milling process is very significant in overpowering the Van 
der Waals forces in nanotubes, to ensure good dispersion. However, the mechanical energy 
observed from this investigation resulted into strains on the structure of the nanotubes, supposedly 













5 RESULTS AND DISCUSSION ON THE SINTERING CHARACTERISTICS OF 
MILLED MWCNTs INTO NiAl 
        In this chapter, the characterization of the consolidated NiAl and NiAl-1wt% MWCNTs 
composites at varied heating rates between 50-150 oC/min was carried out to determine the 
microstructures, structural changes and the crystallographic orientations. The microstructures of 
the consolidated samples were examined using the SEM, the phase identification of the samples 
was carried out with the XRD, and the grain analysis of the consolidated samples were also 
determined using the SEM-EBSD detector. The micrographs and XRD patterns are presented 
below. 
5.1 MICROSTRUCTURES OF THE CONSOLIDATED SAMPLES 
     Figure 5.1 represents the SEM microstructures of the consolidated NiAl at the heating rates of 
50 oC/min, 100 oC/min, and 150 oC/min. From Figure 5.1(a), the microstructure of the consolidated 
NiAl with the heating rate of 50 oC/min revealed the presence of pores (indicated with white 
arrows). A similar microstructure was observed when the heating rate was increased to 100 oC/min 
(Figure 5.1(b), but there were more pores in the specimen. The microstructure of the consolidated 
NiAl at the heating rate of 150 oC/min showed limited pores (Figure 5.1(c). It was observed that 
the porosity of the consolidated NiAl increased from 50 oC/min to 100 oC/min, and afterwards, 
there was a decrease in the porosity for the consolidated NiAl at the heating rate of 150 oC/min 
(this sample showed the least porosity among the consolidated NiAl). This suggests that higher 
heating rate resulted into more interparticle bonding of the powder, thereby ensuring the closure 
of pores. Figure 5.1(d-l) shows the SEM morphologies of the consolidated NiAl-MWCNTs 




MWCNTs composites (HEBM, 1 hour), at the heating rates of 50, 100, and 150 oC/min is 
represented in Figure 5.1(d-f). The microstructure displayed the presence of porosity which 
increased from the heating rate of 50 oC/min to 150 oC/min. Also, the images of the consolidated 
NiAl-MWCNTs composites (HEBM, 2 hours) were presented in Figure 5.1(g-i) with the evidence 
of porosity, which increased from the heating rate of 50 oC/min to 150 oC/min. The same trend 
was observed in the consolidated NiAl-MWCNTs composites (HEBM, 3 hours), as shown in 
Figure 5.1(j-l). All the consolidated NiAl-MWCNTs composites showed similar trend of 
microstructures after SPS. In the course of sintering process, various mechanisms takes place 
which include localized and bulk deformation of particles, thermal and non-thermal effects, and 
particle re-arrangement, that affects the densification behaviour (Cavaliere et al., 2017). Hence, 
influencing the properties and microstructure of the bulk-sample (Cavaliere et al., 2017). It was 
observed from this study that the porosity of the consolidated composites increased with the 
heating rates. At the heating rate of 150 oC/min, more porosity was observed in the microstructure 
of the composites. This trend was obviously different from the consolidated NiAl, the observed 
porosity decreased at the heating rate of 150 oC/min. This suggests that the presence of retained 
MWCNTs agglomerates (indicated with white arrows) may have influenced the increase in 
porosity observed in the composites from 50 to 150 oC/min due to the ball milling process. 
Furthermore, MWCNTs agglomerates may inhibit the diffusion of particle, hinder sinterability and 








Figure 5.1: Illustrations of the SEM morphologies of the sintered NiAl and composites: (a) 50 
oC/min, (b) 100 oC/min, and (c) 150 oC/min, (d) NiAl-MWCNTs/ 1h at 50 oC/min, (e) NiAl-
MWCNTs/  1h  at 100 oC/min, (f) NiAl-MWCNTs/  1h  at 150 oC/min, (g) NiAl-MWCNTs/  2h  
at 50 oC/min, (h) NiAl-MWCNTs/  2h  at 100 oC/min, (i) NiAl-MWCNTs /  2h at 150 oC/min, (j) 
NiAl-MWCNTs/  3h  at 50 oC/min, (k) NiAl-MWCNTs/  3h  at 100 oC/min, and (l) NiAl-








5.2 XRD PATTERN OF THE CONSOLIDATED SAMPLES 
     Figure 5.2(a-d) represents the XRD patterns of all the consolidated samples at the heating rates 
of 50, 100, and 150 oC/min. The XRD pattern of the consolidated NiAl revealed NiAl peaks as the 
dominant peaks in the pattern (Figure 5.2(a). The consolidated NiAl-MWCNTs composites 
(HEBM, 1 hour, 2 hours and 3 hours) showed the presence of NiAl and NiC peaks respectively at 
the heating rates of 50, 100, and 150 oC/min. NiAl was observed at 2Ɵ = 30.6o, 44.1o, 54.76o, 
64.2o, and 81.5o which corresponds to the planes (100), (110), (111), (200), and (211).  NiC was 
observed at 2Ɵ = 44.1o, thus corresponding to the plane (111).  Also, the intensity of the 










5.3 FRACTURE MORPHOLOGY OF THE CONSOLIDATED SAMPLES 
     The fractured samples were obtained by using a precision cutter to make a small preliminary 
cut on the samples, and the samples were fractured on a bench vice with a hammer. Figure 5.3(a-
c) depicts the fracture morphologies of the consolidated NiAl at the heating rates of 50, 100, and 
150 oC/min. The fracture mode of the consolidated NiAl depicts the presence of river pattern which 
denotes brittle fractured surfaces. Figure 5.3(d-l) denotes the fracture morphologies of the 
consolidated NiAl-MWCNTs composites (HEBM, 1 hour, 2 hours, and 3 hours) at the heating 
rates of 50, 100, and 150 oC/min. The fracture mode of the consolidated composites revealed the 
presence of cavities (indicated with red arrow). Also, the fractured surfaces of the consolidated 
composites at the heating rates of 100, and 150 oC/min, were evident with the presence of dimple 
(pointed with yellow square). These are the characteristics of ductile fracture surfaces. The effect 
of heating rates was evident in the consolidated composites, which revealed the presence of more 







Figure 5.3. Fracture surfaces of the consolidated samples between the heating rates of 50-150 
oC/min. 
 
5.4 CRYSTAL ORIENTATIONS OF THE CONSOLIDATED SAMPLES  
The crystal orientation of the consolidated NiAl and NiAl-MWCNTs composite (HEBM, 1 hour) 
was presented in Figure 5.4. The band contrast (BC) maps of the consolidated NiAl and NiAl-
MWCNTs composite (HEBM, 1 hour) at the heating rates of 50, 100, and 150 oC/min were 





Figure 5.4. Band contrast maps of the sintered samples: (a) NiAl at 50 oC/min, (b) NiAl at 100 
oC/min, (c) NiAl at 150 oC/min, (d) NiAl-MWCNTs at 50 oC/min, (e) NiAl-MWCNTs at 100 
oC/min, and (f) NiAl-MWCNTs at 150 oC/min. 
 
The BC maps were obtained from the electron backscattered patterns (EBSP) after indexing. From 
the BC maps, the grain boundaries were clearly observed, together with some black regions. These 
regions are referred as low-EBSP areas where the flamenco could not determine the phases present 
in the samples during indexing (Suárez et al., 2014) . Furthermore, the BC map of the consolidated 
NiAl at the heating rate of 50 oC/min revealed few regions of low-EBSPs (Figure 5.4(a)). As the 
heating rate (100 oC/min) was increased, there were more low-EBSP regions on the BC map in 
Figure 5.4(b).  Further increase in heating rate (150 oC/min) led to the decrease in the low-EBSP 
regions in Figure 5.4(c). The low-EBSPs in the consolidated NiAl may be ascribed to the presence 
of pores. The BC maps of the NiAl-MWCNTs composite (HEBM, 1 hour) revealed a different 




the heating rate was increased. This could be accredited to the regions of porosity where the retained 
MWCNTs agglomerates were located (Suárez et al., 2014).  
The grain size maps of the consolidated NiAl and NiAl-MWCNTs composite (HEBM, 1 h) at the 
heating rates of 50, 100, and 150 oC/min respectively were presented in Figure 5.5(a-f). The grain 
size of the consolidated NiAl at the heating rates of 50, 100, and 150 oC/min was observed with 
similar crystal orientations. Moreover, the grain size of the NiAl-MWCNTs composite (HEBM, 1 
h) was observed with a progressive increase in grain size as the heating rates increased, as illustrated 
in Figure 5.5(d-f). The consolidated NiAl-MWCNTs composite at the heating rate of 50 oC/min 
had better crystal orientations as compared to the other consolidated NiAl-MWCNTs composite. 
Although, a few numbers of researchers have reported a contrary view about the effect of rapid 
heating rates on grain size (Shen et al., 2002; Aliyu et al., 2015; Singh et al., 2018). It was reported 
that rapid heating rate impedes surface diffusion for coarsening processes, thereby leading to the 
decrease in grain size. However, this study is in agreement with (Murayama & Shin, 2000). They 
reported that high heating rate results in grain growth because of high defect concentration formed 




     
 
Figure 5.5. Grain size maps of the consolidated samples: (a) NiAl at 50 oC/min, (b) NiAl at 100 
oC/min, (c) NiAl at 150 oC/min, (d) NiAl-MWCNTs at 50 oC/min, (e) NiAl-MWCNTs at 100 
oC/min, and (f) NiAl-MWCNTs at 150 oC/min. 
 
     The mean grain size of the consolidated samples was evaluated using the linear intercept method, 
according to ASTM E112 (Conshohocken, 1996). The mean grain size (µm) of the consolidated at 
the heating rates of 50, 100, and 150 oC/min were measured as 3.24 ±2.5 µm, 3.14 ±2.1 µm, and 
3.27 ±2.4 µm respectively. However, the mean grain size of the NiAl-MWCNTs composite 
(HEBM, 1 hour) at the heating rates of 50, 100, and 150 oC/min were measured as 3.93 ±2.5 µm, 
4.78 ±3.4 µm, and 8.05 ±5.8 µm respectively. The mean grain size of the consolidated samples was 




in Figure 5.6(a-f) and the plot of the mean grain size of the consolidated samples was shown in 
Figure 5.7. 
 
Figure 5.6. Grain size distribution of the consolidated samples: (a) NiAl at 50 oC/min, (b) NiAl at 
100 oC/min, (c) NiAl at 150 oC/min, (d) NiAl-MWCNTs at 50 oC/min, (e) NiAl-MWCNTs at 100 
oC/min, and (f) NiAl-MWCNTs at 150 oC/min. 
 







Figure 5.8. Inverse pole figure maps of the consolidated samples: (a) NiAl at 50 oC/min, (b) NiAl 
at 100 oC/min, (c) NiAl at 150 oC/min, (d) NiAl-MWCNTs at 50 oC/min, (e) NiAl-MWCNTs at 
100 oC/min, and (f) NiAl-MWCNTs at 150 oC/min. 
 
     The inverse pole figure (IPF) maps show the alignment of the crystal directions with the 




The grain colours illustrates the crystal orientations, which indicates no predominance of any 
colour. This suggests that the consolidated NiAl and NiAl-MWCNTs composite (HEBM, 1 hour) 
at the heating rates of 50, 100, and 150 oC/min does not have texture or show the intensity of any 
colour (Simões et al., 2014). The features observed in the IPF maps revealed that grain size 
increases with increasing heating rate amongst the consolidated composite, but there is no 
significant grain increase in the consolidated NiAl (Figure 5.8). The pole figure (PF) maps show 
the arrangement of the crystal directions relative to the consolidated samples (Figure 5.9). The maps 
were obtained using the complete data set with equal area projection and upper hemisphere. The 
cluster size and half width of the maps were set at 5o and 10o and the multiple of uniform density 
(MUD) values showed the region with maximum and minimum intensity. The red region depicts 
higher MUD and the blue region shows lower MUD (Figure 5.9), although the scales may differ 






Figure 5.9. Pole figure maps of the consolidated samples: (a) NiAl at 50 oC/min, (b) NiAl at 100 
oC/min, (c) NiAl at 150 oC/min, (d) NiAl-MWCNTs at 50 oC/min, (e) NiAl-MWCNTs at 100 
oC/min, and (f) NiAl-MWCNTs at 150 oC/min.  
 
5.5 SUMMARY 
     Chapter five discussed the characterization of all the consolidated samples. The SEM 
micrograph of the consolidated NiAl revealed the presence of pores in their grain boundaries and 
the consolidated composites also showed the presence of re-agglomerated MWCNTs. It was 
observed that the retained MWCNTs agglomerates increased when the heating rate was increased. 
The fracture surfaces of the consolidated NiAl revealed a brittle surface while the consolidated 
composites revealed a ductile surface. The grain size of the consolidated composites increased as 















6 RESULTS AND DISCUSSION ON THE MECHANICAL AND TRIBOLOGY 
PROPERTIES OF CONSOLIDATED MWCNTs REINFORCED NiAl 
        This chapter presents the mechanical and tribology analysis of the consolidated NiAl and 
NiAl-MWCNTs composite (HEBM, 1 hour, 2 hours and 3 hours) at the heating rates of 50, 100, 
and 150 oC/min. The densification mechanisms were analyzed using the SPS data and the relative 
density was calculated in accordance to the Archimedes’ principle. The hardness value of the 
consolidated samples was obtained from the microhardness tester. Furthermore, the 
nanoindentation data was used to determine the nanohardness and elastic modulus of the 
consolidated samples. The coefficient of friction value of the sintered samples was obtained from 
the data retrieved from the tribometer.  
6.1 DENSIFICATION MECHANISMS OF THE CONSOLIDATED SAMPLES 
    The sintering profile obtained from the SPS was used to assess the densification behaviour of 
consolidated NiAl and NiAl-MWCNTs composites (HEBM, 1 hour, 2 hours, and 3 hours) at the 
heating rates of 50, 100, and 150 oC/min. The temperature against time, displacement against time 
and shrinkage rate against time curves were analyzed. From Figure 6.1(a-c), the temperature 
against time plots of all the consolidated samples were illustrated. The sintering process started 
with chamber vacuuming, and afterwards pressure was exerted, which aids the powder compaction 
between the first 9 minutes at a constant temperature. At 250 oC, current was supplied to the system 
and a progressive heating of the powder occurred at a constant pressure of 50 MPa. The powder 
was completely heated at 1000 oC, held for 10 min (isothermal hold) and the powder was cooled 
at room temperature. From Figure 6.1(a), the consolidated samples at the heating rate of 50 oC/min 




good densification observed in the sintered samples at 50 oC/min. As soon as the heating rate was 
increased to 100 oC/min (Figure 5.4(b)), the time employed to complete the sintering cycle was 
reduced and further increase in the heating rate at 150 oC/min (in Figure 6.1(c)), resulted to the 
decrease in the sintering cycle. The sintering profile of the consolidated NiAl at this heating rate 
exhibits a different pattern from the consolidated composites. It could be seen that the sintering 
operation began very late; this may be because of the pressure at the early stage of the powder 
compaction.  
     The displacement of the consolidated samples between the upper and lower sintering punches 
at various heating rates were presented in Figure 6.1(d-f).  The relative displacement against time 
curve of the consolidated samples at the heating rate of 50 oC/min, was shown in Figure 6.1(d). 
From 0-0.48 mm after sintering for the period of 9 min, the displacement of the consolidated NiAl 
was evident at the early sintering stage, which may be due to the impact of pressure exerted on the 
powder (green compact), even though the temperature is very low to effect the punch displacement. 
From 0.48- 1.49 mm, the displacement of the punch was rapid at the period of 14 min due to the 
progressive rise in temperature, which softens the compact and led to the surface activation and 
particle re-arrangement of NiAl sample. This was followed by the escape of gases from the 
compact, then the displacement was steady with increasing sintering time (Bonifacio et al., 2012). 
At the period of 23 min, a rapid displacement between the punches were noticed from 1.49-2.25 
mm, which resulted into particle necking and neck growth as the temperature increases due to 
evaporation and condensation (Zhang et al., 2010). This process resulted to the physical structural 
change of the compact (thermal softening) which led to grain re-shaping and smoothening 
(Falodun et al., 2018). A further increase was observed in the displacement from 2.25-2.31 mm 




This was followed by a snap rise in displacement as a result of shrinkage when the sample 
experienced cooling.  
     The displacement of consolidated NiAl-MWCNTs composite (HEBM, 1 hour, 2 hours, and 3 
hours) at the heating rate of 50 oC/min had similar displacement behaviour with consolidated NiAl. 
All the sintering stages observed in the consolidated NiAl was also noticeable in the sintered 
composites ( Zhaohui et al., 2008; Diouf & Molinari, 2012). The relative displacements of the 
consolidated composites increased due to the pressure exerted on the compact, a steady 
displacement was evident at lower temperature. At this stage, the sintering mechanism was 
retarded because of the presence of MWCNTs which generated pores in the matrix powder. 
Furthermore, a rapid displacement was noticed when the temperature was increased due to thermal 
softening, thereby resulting to densification. This phenomena was also observed from the results 
reported by Okoro et al., (2019). Similarly, the relative punch displacement of all the consolidated 
samples at the heating rates of 100 oC/min and 150 oC/min showed the same pattern with the 
consolidated sample at 50 oC/min, although sintering activity at a stage may be early or delayed, 
short or extended for the consolidated samples. Comparatively, the effect of heating rate on the 
consolidated samples was observed in the displacement against time curves. The displacement of 
the punches of the consolidated NiAl decreased as the heating rate was increased from 50 oC/min 
to 100 oC/min. Further increase in the heating rate (150 oC/min), resulted in higher displacement 
as observed in Figure 6.1(f).  Conversely, the displacement of the consolidated composites 
decreased as the heating rate was increased from 50 oC/min to 150 oC/min. This may be attributed 
to the presence of porosity in the composites which increases as the heating rate was increased, 






Figure 6.1. Illustration of the temperature against time curves: (a) 50 oC/min, (b) 100 oC/min, (c) 
150 oC/min and displacement against time curves of the consolidated samples: (d) 50 oC/min, (e) 






     6.2 DISPLACEMENT OF THE PUNCHES AGAINST TEMPERATURE 
     The effect of heating rates was also investigated on the displacement of the punches against 
temperature of all the consolidated samples. Figure 6.2(a) indicates the consolidated samples at 
the heating rate of 50 oC/min. The relative displacement of the consolidated NiAl was observed 
from 0-0.48 mm, due to the impact of pressure exerted on the powder (green compact), even 
though the temperature is very low to impact the punch displacement. It increased when the 
temperature was above 250 oC, which softens the compact and led to the surface activation and 
particle re-arrangement sample. The displacement further increased at 511 oC, which resulted into 
particle necking and neck growth as the temperature increases due to evaporation and condensation 
(Zhang et al., 2010). The displacement was constant, and it increased with the temperature between 
511 oC to 1000 oC. This process resulted to the physical structural change of the compact (thermal 
softening) which led to grain re-shaping and smoothening (Falodun et al., 2018). At 1000 oC, the 
sample was held for 10 min, and a further increase was observed in the displacement. At this stage, 
maximum densification was achieved, and it was followed by a snap rise in displacement as a 
result of shrinkage during cooling. The displacement of the consolidated composites at 50, 100, 
and 150 oC/min had the same trend with the consolidated NiAl, but the presence of MWCNTs 
which generated pores may have retarded the sintering mechanism. The displacement of the 
punches of the consolidated NiAl decreased as the heating rate was increased from 50 oC/min to 
100 oC/min. Further increase in the heating rate (150 oC/min), resulted in higher displacement as 
observed in Figure 6.2(c). Also, the displacement of the consolidated composites decreased as the 
heating rate was increased from 50 oC/min to 150. This may be attributed to the presence of 






Figure 6.2. Displacement against temperature curves of the consolidated samples: (a) 50 oC/min, 
(b) 100 oC/min, and (c) 150 oC/min. 
 
6.3 RELATIVE DENSITY OF THE CONSOLIDATED SAMPLES 
     The relative densities of the consolidated NiAl and NiAl-MWCNTs composites (HEBM, 1 hour, 
2 hours, and 3 hours) at the heating rates of 50, 100, and 150 oC/min were presented in Table 6.1. 
The consolidated NiAl with the heating rate of 50 oC/min had the relative density of 94.9%, and the 
consolidated NiAl with the heating rate of 100 oC/min had the relative density of 90.8%. This 
indicates a sharp drop in relative density, may be due to the presence of more porosity in the 
consolidated sample at 100 oC/min. At the heating rate of 150 oC/min, it was observed with the RD 
of 96.2%. This demonstrates a sharp increase in RD, which is also traceable to the reduced pores 




 The consolidated NiAl-MWCNTs composite (HEBM, 1 hour) at the heating rate of 50 oC/min had 
the relative density of 95.8%, and the consolidated composite with the heating rate of 100 oC/min 
had the relative density of 88.5%. Furthermore, the composite was found with the relative density 
of 86.2% at the heating rate of 150 oC/min. The trend shows that the relative density decreased with 
increasing heating rate, possibly due to the formation of retained agglomerates in the composite, 
which creates pores and further increase as the heating rate increased. This can be corroborated by 
the SEM images in Figure 5.1. 
The consolidated NiAl-MWCNTs composite (HEBM, 2 hours) at the heating rate of 50 oC/min had 
the relative density of 94.5%, and the consolidated composite with the heating rate of 100 oC/min 
had the relative density of 88.2%. Also, the composite was found with the relative density of 85.5% 
at the heating rate of 150 oC/min. The consolidated NiAl-MWCNTs composite (HEBM, 3 hours) 
at the heating rate of 50 oC/min had the relative density of 92.3%, and the consolidated composite 
with the heating rate of 100 oC/min had the relative density of 88.1%. Furthermore, the composite 
was found with the relative density of 88.7% at the heating rate of 150 oC/min. The relative density 
of the consolidated composites followed the same trend with consolidated composite (HEBM, 1 
hour). The plot of the relative densities was shown in Figure 6.3. The relative density of the 
consolidated composites at the heating rate of 50 oC/min was slightly higher than the composites at 
the heating rates of 100, and 150 oC/min respectively because of the enough time utilized for the 
occurrence of homogeneous pressure and heating during consolidation. Also, at lower heating rate, 
enough power input for particle bonding takes place. This is different in the case of high heating 
rate, minute time is used for particle binding because rapid particle heating occurs at a short time ( 




rate of 50 oC/min revealed the best RD of among the composite, supposedly due to relative 
dispersion of MWCNTs in the NiAl matrix as shown in Figure 4.4.  
Table 6.1: Sintering parameters and relative density 
Sample Heating rate (oC/min Relative density (%) Sintering temp. (oC) 
NiAl 50 94.9 1000 
NiAl 100 90.8 1000 
NiAl 150 96.2 1000 
HEBM 1 h 50 95.8 1000 
HEBM 1 h 100 88.5 1000 
HEBM 1 h 150 86.2 1000 
HEBM 2 h 50 94.5 1000 
HEBM 2 h 100 88.2 1000 
HEBM 2 h 150 85.8 1000 
HEBM 3 h 50 92.3 1000 
HEBM 3 h 100 88.1 1000 
HEBM 3 h 150 88.7 1000 
 
 
Figure 6.3. Plot of the relative densities of the consolidated samples at different heating rates. 
 
6.4 HARDNESS PROPERTY OF THE CONSOLIDATED SAMPLES 
         The microhardness of the consolidated NiAl and NiAl-MWCNTs composites (HEBM, 1 hour, 




The consolidated NiAl with the heating rate of 50 oC/min had the microhardness of 380.8 HV, and 
the consolidated NiAl with the heating rate of 100 oC/min had the microhardness of 327.4 HV. This 
indicates a sharp drop in microhardness, this is traceable to the decrease in density due to the 
presence of more porosity in the consolidated sample at 100 oC/min. At the heating rate of 150 
oC/min, it was observed with the microhardness of 413.9 HV. This demonstrates a sharp increase 
in microhardness, which is also traceable to the reduced pores and high density observed in the 
sample. The consolidated NiAl-MWCNTs composite (HEBM, 1 hour) at the heating rate of 50 
oC/min had the microhardness of 311.4 HV, and the consolidated composite with the heating rate 
of 100 oC/min had the microhardness of 293.1 HV. Furthermore, the composite was found with the 
microhardness of 264.6 HV at the heating rate of 150 oC/min. The trend shows that the 
microhardness decreased with increasing heating rate, possibly due to the decrease in density of the 
composite which arises from porosity.  
The consolidated NiAl-MWCNTs composite (HEBM, 2 hours) at the heating rate of 50 oC/min 
had the microhardness of 287.3 HV, and the consolidated composite with the heating rate of 100 
oC/min had the microhardness of 275.1 HV. Also, the composite was found with the microhardness 
of 259.5 HV, at the heating rate of 150 oC/min. The consolidated NiAl-MWCNTs composite 
(HEBM, 3 hours) at the heating rate of 50 oC/min had the microhardness of 283.9 HV, and the 
consolidated composite with the heating rate of 100 oC/min had the microhardness of 267.0 HV. 
Furthermore, the composite was found with the microhardness of 281.5 HV at the heating rate of 
150 oC/min. The microhardness of the consolidated composites followed the same trend with 
consolidated composite (HEBM, 1 hour). The microhardness of the consolidated samples at 
different heating rates had similar trend with the relative density of the consolidated samples. Thus, 




relative density and hardness of the composites were decreased. The microhardness of the 
consolidated NiAl at different heating rates were observed to be higher than the consolidated 
composites, despite the addition of MWCNTs to the NiAl matrix.  MWCNTs possesses excellent 
mechanical properties which enhanced metal matrices. From this study, the microhardness of the 
consolidated composites observed may be ascribed to the presence of nanotubes agglomerations 
due to the ball milling process.  
 
Figure 6.4. Vickers microhardness of all the consolidated samples. 
 
6.5 NANOINDENTATION ANALYSIS OF THE CONSOLIDATED SAMPLES  
     The mechanical properties of the consolidated NiAl and NiAl-MWCNTs composites (HEBM, 
1 hour, 2 hours, and 3 hours) at the heating rates of 50, 100, and 150 oC/min were analyzed using 
Oliver and Pharr approach (Oliver & Pharr, 2004). During the experiment, an indentation load of 
75 mN was applied on the consolidated samples, no pop-in effects was recorded and the plots 




at the heating rate of 50 oC/min was presented in Figure 6.5(a), the consolidated composite 
(HEBM, 2 hours) revealed the largest penetration depth at the load of 75 mN, accompanied by 
consolidated NiAl, consolidated composite (HEBM, 1 hour) and consolidated composite (HEBM, 
3 hours). This indicates that consolidated composite (HEBM, 1 hour and 3 hours) showed the 
lowest penetration depth, which suggests an enhanced hardness arising from load transfer from 
NiAl matrix to MWCNTs. This agrees with the investigation by Attar et al., (2017), they reported 
that large penetration depth of a sample may depicts low hardness. 
The load-displacement plots of the consolidated composite (HEBM, 3 hours) at the heating rate of 
100 oC/min was presented in Figure 6.5(b), indicating the largest penetration depth. Then, it was 
accompanied by consolidated NiAl, consolidated composite (HEBM, 2 hours) and consolidated 
composite (HEBM, 1 h). This indicates that consolidated composite (HEBM, 2 hours and 1 hour) 
showed the lowest penetration depth, which suggests an enhanced hardness arising from load 
transfer from NiAl matrix to MWCNTs.  
The load-displacement plots of the consolidated composite (HEBM, 2 hours) at the heating rate of 
150 oC/min was presented in Figure 6.5(c), indicating the largest penetration depth. Then, it was 
accompanied by consolidated composite (HEBM, 3 hours), consolidated composite (HEBM, 1 
hour) and consolidated NiAl. This indicates that consolidated composite (HEBM, 1 hour and NiAl) 
showed the lowest penetration depth.  
      Similarly, the curve of the penetration-depth of the consolidated samples as a function of time, 
at the heating rates of 50, 100, and 150 oC/min was presented in Figure 6.6(a-c).  The consolidated 
NiAl was observed with the penetration depths of 835.23 mm, 859.31 mm, and 775.05 mm 
respectively at 50, 100, and 150 oC/min. The consolidated composite (HEBM, 1 hour) was 




consolidated composite (HEBM, 2 hours) was observed with the depths of 890.17 mm, 828.20 
mm, 876.64 mm respectively. Furthermore, the consolidated composite (HEBM, 3 hours) was 
observed with the depths of 835.17 mm, 828.20 mm, and 876.64 mm respectively at 50, 100, and 
150 oC/min. From all the observation, the consolidated composite (HEBM, 1 hour) depicts the 
maximum resistance to the load with the depths of 773.15 mm, 676.45 mm, and 787.94 mm 
respectively at the heating rates of 50, 100, and 150 oC/min. This may be attributed to pinning 
effect of dislocation motion of MWCNTs, thereby enhancing the stiffness and hardness of the 
composite. Also, this composite showed a relative dispersion of nanotubes as compared to the 






Figure 6.5. The plot of the load against depth of all the consolidated samples between the heating 




Figure 6.6. The plot of the penetration depth against time of all the consolidated samples 
between the heating rates of 50-150 oC/min. 
 
6.5.1 Nanohardness and elastic modulus  
     The nanohardness of the consolidated NiAl and NiAl-MWCNTs composites (HEBM, 1 hour, 
2 hours, and 3 hours) at the heating rates of 50, 100, and 150 oC/min were presented in Figure 6.7. 
The consolidated NiAl was observed with the nanohardness of 9278 MPa, 6534 MPa, and 10447 
MPa at the indentation load of 75 mN. The consolidated composite (HEBM, 1 hour) was observed 




consolidated composite (HEBM, 2 hours) was observed with the nanohardness of 5428 MPa, 8908 
MPa, and 6168 MPa respectively. Furthermore, the consolidated composite (HEBM, 3 hours) was 
observed with the nanohardness of 10908 MPa, 8406 MPa, and 8203 MPa respectively at the 
indentation load of 75 mN. It was observed that the consolidated composite (HEBM, 1 hour) 
depicts the best combination of nanohardness at the indentation load due to relative dispersion of 
nanotubes. Similarly, the elastic modulus of the consolidated NiAl and NiAl-MWCNTs 
composites (HEBM, 1 hour, 2 hours, and 3 hours) at the heating rates of 50, 100, and 150 oC/min 
were presented in Figure 6.8. The consolidated NiAl was observed with the elastic modulus of 
80.1 GPa, 77.7 GPa, and 97.1 GPa at the indentation load of 75 mN. The consolidated composite 
(HEBM, 1 hour) was observed with the elastic modulus of 101.4 GPa, 139.2 GPa, and 95.7 GPa 
respectively and the consolidated composite (HEBM, 2 hours) was observed with the elastic 
modulus of 134.8 GPa, 86.8 GPa, and 109.4 GPa respectively. Furthermore, the consolidated 
composite (HEBM, 3 hours) was observed with the elastic modulus of 109.5 GPa, 69.8 GPa, and 
95.9 GPa respectively at the indentation load of 75 mN. From the results, the consolidated 
composite (HEBM, 1 hour) depicts the best combination of elastic modulus at the indentation load 
of 75 mN, apparently due to the relative dispersion of nanotubes which impact stiffness in the 



























6.6 WEAR ANALYSIS OF THE CONSOLIDATED SAMPLES  
The tribology analysis of the consolidated samples was carried out at the heating rate of 150 oC/min 
using a ball on disc tribometer at different applied load. The coefficient of friction (COF) against 
time of all the consolidated samples were investigated.  Figure 6.9 shows the coefficient of friction 
against the sliding time of all the consolidated samples under the applied load of 2 N. It was 
observed that the consolidated composite (HEBM, 3 hours) had the least mean or average 
coefficient of friction with the value of 0.57. This was followed by the consolidated composite 
(HEBM, 1 hour), with the mean COF value of 0.67. Meanwhile, the consolidated composite 
(HEBM, 2 hours), was found with the mean COF value of 0.67 and the consolidated NiAl showed 
the highest mean COF value of 0.78. It was duly observed that the presence of MWCNTs decreased 
the COF of the consolidated composites.  From Figure 6.10, the COF against the sliding time of 
all the consolidated samples were observed under the exerted load of 5 N. The curve of the COF 
against the sliding time shows that, consolidated composite (HEBM, 3 hours) had the least average 
coefficient of friction with the value of 0.47. This was followed by the consolidated NiAl, with the 
mean COF value of 0.55. Meanwhile, the consolidated composite (HEBM, 1 hour), was found 
with the mean COF value of 0.60 and the consolidated composite (HEBM, 2 hours) showed the 
highest mean COF value of 0.93. Subsequently, the COF against time of the consolidated samples 
under the applied of 8 N was also investigated as seen in Figure 6.11 The consolidated composite 
(HEBM, 3 hours) revealed the least average coefficient of friction with the value of 0.50. This was 
followed by the consolidated NiAl, with the mean COF value of 0.65. Meanwhile, the consolidated 
composite (HEBM, 2 hours), was found with the mean COF value of 0.68 and the consolidated 
composite (HEBM, 1 hour) showed the highest mean COF value of 0.83. Comparatively, it could 




loads of 2 N, 5 N and 8 N. This may be attributed to better relative density and hardness observed 
in the composite at the heating rate of 150 oC/min as illustrated in Table 6.2. The presence of the 
MWCNTs in the NiAl matrix also played a major role in decreasing the COF through the 
deformation and breaking of CNTs during the wear test which formed a lubricating tribolayer at 
the contact area (Mallikarjuna et al., 2017; M. Zhou et al., 2017).  Figure 6.12 shows the plot of 
the COF against the applied load, it was observed that the COF decreased as the load was increased 
from 2 N to 5 N, may be due to increase in surface roughening of the samples. It was further 
increased when the load was increased to 8 N, (attributed to low quality of wear debris observed 
as higher load) (Chowdhury et al., 2011), except for the dispersed composite with the HEBM of 2 
hour which was observed to increase from the applied load of 2 N to 5 N.  
 
 






Figure 6.10 The curve of the COF against the sliding time of the sintered samples 5 N. 
 
 













































NiAl 1000 50 94.9 380.8±4.0 9.2±0.1 80.1±0.8 - - - 
NiAl 1000 100 90.8 327.4±3.3 8.4±0.1 77.7±0.7 - - - 
NiAl 1000 150 96.2 413±4.1 104±0.2 97.1±0.9 0.78 0.55 0.65 
          
HE 1 h 1000 50 95.8 311.4±3.0 9.9±0.1 101.4±1.0 - - - 
HE 1 h 1000 100 88.5 293.1±2.9 13.3±0.2 139.2±1.3 - - - 
HE 1 h 1000 150 86.2 264.6±2.6 10.1±0.1 95.7±0.9 0.67 0.60 0.83 
          
HE 2 h 1000 50 94.5 287.3±2.9 5.4±0.1 134.8±1.3 - - - 
HE 2 h 1000 100 88.2 275.1±2.7 8.9±0.2 86.8±0.8 - - - 
HE 2 h 1000 150 85.8 259.5±2.6 6.1±0.1 109.4±1.0 0.77 0.93 0.68 
          
HE 3 h 1000 50 92.3 283.9±3.0 10.9±0.1 109.5±1.1 - - - 
HE 3 h 1000 100 88.1 267±2.7 6.5±0.2 69.8±0.7 - - - 
HE 3 h 1000 150 88.7 281.5±3.2 8.2±0.3 95.9±1.0 0.57 0.47 0.50 
SC: Sample code, ST: Sintering temperature, HR: Heating rate, RD: Relative density, VMH: 
Vickers hardness, NH: Nanohardness, NE: Nanoelastic modulus, COF: Coefficient of friction, 









     Chapter seven discussed the mechanical and tribology properties of the consolidated samples 
at the heating rates of 50, 100, and 150 oC/min. The densification mechanism of the consolidated 
samples at the heating rate of 50 oC/min, showed that the samples had enough time for the 
densification process to take place as compared to the other sintered samples at the heating rate of 
100 oC/min and 150 oC/min. The Vickers microhardness and the relative density of the 
consolidated NiAl decreased from 50-100 oC/min and it further increased as the heating rate was 
increased. For the consolidated composites, it decreased as the heating rates were increased. The 
load-displacement plots were used to determine the nanohardness and nanoelastic modulus values 
of the consolidated samples. It could be seen that consolidated samples with higher penetration 
depths at the indentation load of 75 mN had lower nanohardness values. Also, the presence of 















7 CONTRIBUTIONS, CONLUSION AND RECOMMENDATION 
7.1 CONTRIBUTION TO KNOWLEDGE  
 
     The investigation on the dispersion and influence of heating rates on the mechanical properties 
of spark plasma sintered multi-walled carbon nanotubes reinforced nickel aluminide is promising 
due to the intrinsic properties of the materials. Even though, several studies have been reported on 
the spark plasma sintering of nickel aluminide composites but the influence of heating rates on its 
mechanical properties and crystallographic orientations has not been sufficiently reported. As a 
result, it was necessary to explore the dispersion and the consolidation of multi-walled nanotubes 
reinforced nickel aluminide composite powders. The following contributions were made;  
The developed NiAl-MWCNTs composite was achieved through the combination of two planetary 
ball millings and the dispersion characteristics of MWCNTs was observed through the variation 
of the HEBM hours, which has not been previously reported in the literature. The effect of heating 
rates on the mechanical properties of the fabricated NiAl-MWCNTs composites showed a decrease 
as the heating rates increased. The nanoindentation analysis of the developed NiAl-MWCNTs 
composite have been evaluated and discussed in this research work. This provided insights on the 
significant roles of nanotubes in enhancing the nanohardness and nanoelastic modulus of the 
composite. There have been controversial opinions as far as the influence of high heating rate on 
the grain size of consolidated samples from the literatures. Some researchers are of the opinion 
that high heating rate would increase or decrease grain size based on surface diffusion, power law 
creep and grain boundary diffusion. This study has contributed to the body of knowledge by 
providing information that high heating rate would increase grain size of the consolidated 
composite because of the retained nanotubes agglomerates within the metal matrix which hindered 






     The dispersion of MWCNTs in NiAl matrix through the unique planetary ball millings and their 
consolidation by spark plasma sintering has been discussed in this research work. The influence 
of heating rates between 50-150 oC/min on the microstructures, phase identifications, crystal 
orientations and mechanical properties of the sintered composites have been evaluated and the 
following conclusions were made: 
The SEM micrograph of the milled NiAl powder showed large rough particles which was obtained 
as a result of cold welding and fracturing of the particles and this was confirmed by the XRD 
patterns of the sample. This further showed relative dispersions and agglomerations of MWCNTs 
within the NiAl-MWCNTs composites, in which the agglomerations increased with the milling 
time. This was corroborated by the Raman analysis which indicated an increase in ID/IG ratio of 
MWCNTs for the dispersed composites as the heating rates increased. Furthermore, the TEM 
analysis revealed that the coaxial and halo rings of the composite-powders were not intact, and it 
gradually faded out as the milling time was increased due to the presence of strain. The 
microstructures of the consolidated NiAl revealed the presence of pores, while the consolidated 
composites (HEBM, 1 hour, 2 hours and 3 hours) showed the presence of retained MWCNTs 
agglomerates which retards sintering procedure and thereby increased the pores within the 
composites as the heating rates increased. The grain size of the consolidated composites increased 
as the heating rate was increased, and the crystallographic orientations depicts no predominant of 
any colour which suggests no formation of texture. The relative density and Vickers microhardness 
of the consolidated composites decreased as the heating rate increases because of the increase in 
porosity due to the presence of nanotubes agglomerates. Nanoindentation curves showed that 




responsible for better elastic modulus of the consolidated composites. The dispersion of nanotubes 
had significant impacts on the nanoindentation properties and the consolidated composite (HEBM, 
1 hour) had the best combination of nanohardness and elastic modulus due to relative dispersion 
of MWCNTs observed in the composite. Also, better coefficient of friction was achieved due to 
the lubricating properties of the nanotubes.  
7.3 RECOMMENDATION 
 
In this study, the consolidated composites had shown good mechanical properties, but there are 
areas of concerns that could be improve in this investigation. It is obvious that better dispersion of 
nanotubes within NiAl matrix without defects would translates to better and improve mechanical 
properties. The ball milling procedures can be improved through proper optimization of the milling 
(HEBM) parameters and different contents of MWCNTs can be utilized for better assessment of 
grain refinement. Optimization of the sintering parameters especially the sintering temperature, 
holding time can be investigated to achieve excellent mechanical properties that would be utilized 
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